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ELECTRODYNAPIIC PIASMA CONTACTOR RESEARCH 
John D. Williams 
INTRODUCTION 
Two critical components of an electrodynamic tether system are the 
plasma contactors located at opposite ends of the tether itself. They 
provide the electrical connection to the ionosphere, one emitting 
electrons and collecting ions and the other collecting electrons and 
emitting ions. Contactors should provide a good connection to the space 
plasma because a voltage drop between either contactor and the space 
plasma that is comparable to the voltage drop across the system load 
will cause a substantial degradation in system efficiency. In order to 
be able to design contactors with low voltage drops so high efficiencies 
can be assured it is necessary to understand how changes in operating 
parameters can change contactor performance. One obvious way to study 
plasma contactors and as a result develop this understanding is to 
conduct tests in ground-based vacuum facilities in which ionospheric 
conditions are simulated. Models can then be developed that describe 
results obtained in these tests. Unfortunately, one cannot adequately 
simulate the very low plasma density, diverse composition and large 
extent of typical ionospheric plasmas in currently available laboratory 
facilities. If models of the plasma contacting process are used to 
normalize experimental results, however, valuable insights into this 
process can be obtained from such ground-based tests. Once these models 
have been developed and then verified in space tests, they can be used 
to design and predict the performance of space-based contactors. 
The specific objective of the work to be described here has been to 
develop an understanding of the "near-field" plasma contacting process 
that can be applied to ambient space plasma conditions to predict how 
plasma contactors should perform in space. This understanding should 
not only facilitate the design of efficient plasma contacting devices 
suitable for specific electrodynamic tether systems, but it should also 
suggest how contactor operating parameters might be adjusted to effect 
system control. The term "near-field" is applied here because the 
theory being developed is based on experimental observations obtained in 
an environment where no significant magnetic fields are present and the 
contactor is stationary relative to the ambient space plasma. It is 
expected that such a model describes phenomena that occur in the region 
close to the contactor where the effects of magnetic field and plasma 
velocity are shielded out. The task of merging this model with one that 
describes far-field phenomena where magnetic field and plasma velocity 
effects are important' remains to be done. 
THEORY 
The manner in which a hollow cathode-based plasma contactor couples 
to an ambient plasma can be described by considering three separate 
regions which are associated with the plasma contacting process. The 
first of these regions is in intimate contact with the plasma contactor 
and is termed the "high density plume region". This term is used to 
suggest that the plasma density, which is sustained by ionization 
occurring close to the contactor, generally exceeds the density of the 
ambient plasma with which contactor is exchanging charge. This "ambient 
plasma," which would be the ionospheric plasma for a contactor being 
used in a space application, will be assumed to have uniform plasma 
properties that are not perturbed significantly by current flowing to or 
from the contactor. Separating the ambient plasma and high density 
2 
plume regions is a double-sheath region, across which a voltage drop is 
sustained and through which the current being conducted between the high 
density plume and ambient plasma regions flows. The current flowing 
through the double-sheath region will be assumed to be limited by space- 
charge effects at both the ambient plasma and high density plume 
boundaries. Assuming that the contactor couples to the ambient plasma 
in a spherical geometry as suggestedby Fig. 1, simple models of the 
plasma contacting process can be developed which have been shown to be 
in reasonable agreement with experimental results. 2 ’ 3  Figure 1 actually 
shows the contactor operating in the electron collection mode (i.e. the 
mode in which electrons flow from the ambient plasma to the high density 
plume and ions flow from the high density plume to the ambient plasma). 
The contactor can also be operated in the electron emission mode in 
which electrons 
counterflow from the ambient plasma to the high density plume 
flow from the contactor to the ambient plasma and ions 
and then 
to a contactor surface. It has been shown in a space environment that 
large electron currents can be easily emitted to an ambient plasma from 
a hollow cathode at relatively low potential differences4 and, 
consequently, this research program has focused primarily on the 
electron collection mode. A model of the process of collecting 
electrons from a uniform ambient plasma using a hollow cathode plasma 
contactor was proposed during the grant period covered by this report. 
The details of this model together with descriptions of experiments 
conducted to verify it were organized into two formal papers that are 
reproduced in Appendices A and B of this report and the detailed 
information they contain will only be summarized and cited in the body 
of this report. The most complete description of the model as it has 
been developed up to this point is contained in Appendix A while the 
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paper in Appendix B contains a summary of key elements of the model and 
some details of the experimental techniques and equipment used in 
conducting the tests. 
The simple model of the electron collection process represented in 
Fig. 1 involves electron flow from the ambient plasma region to the more 
positive high density plume region through a spherical segment 
characterized by a solid angle Ip. It is assumed that the electron 
current flowing from the ambient plasma is equal to the random electron 
current density in the ambient plasma times the surface area of the 
double-sheath boundary exposed to the ambient plasma. This fact is 
expressed mathematically by the equation 
J = ;; 1 e neoIp ro 2 1 -  . 
In Eq. 1, e, m and k are the electronic charge and mass and Boltzmann 
constant, respectively; n and Teo are the ambient plasma electron 
density and temperature, respectively; and $ ro is the area of the 
double-sheath outer boundary which is exposed to the ambient plasma. 
Given values for the ambient plasma electron density n and temperature 
and the electron current J which is being collected, Eq. 1 can also 
be used to solve for the outer boundary radius of the double-sheath ro 
for assumed values of $. Note that the total current flowing in the 
system is actually the sum of the ion current leaving the high density 
plume and the electron current leaving the ambient plasma, but because 
the ion current is very small compared.to the electron current it is 
reasonable to assume that the total current flowing in the system is 
equal to the electron current. An important consequence of Eq. 1 is the 
e 
eo 
2 
eo 
5 
fact that the radius of the outer boundary for a contactor collecting a 
fixed current depends on the ambient plasma conditions only. This 
radius is independent of the contactor and its operating conditions 
provided the extent of the ambient plasma is sufficiently great so 
contactor operation does not perturb ambient plasma conditions 
significantly. One would expect this condition to be met in the space 
environment even though it is frequently not satisfied in the laboratory 
where changes in contactor operating conditions can influence the 
ambient plasma density and temperature. 
The ion emission current shown flowing to the inner boundary of the 
double-sheath from the high density plume region in Fig. 1 can be found 
by realizing that the ions will approach the sheath from this region at 
the Bohm velocity5 in order for a stable sheath to exist. Using this 
assumption the ion current is given by 
In Eq. 2, n+i and Tei are the ion density and electron temperature of 
the high density plume, respectively; m is the ion mass; r is the 
radial location of the double-sheath inner boundary; and 7 is a pre- 
+ i 
sheath correction factor which can vary from 0.1 to 1 depending upon the 
plasma conditions within the high density plume. 2’6’7 As mentioned in 
the introduction, increases in the ion emission current described by 
Eq. 2 induce an increase in the radius of the inner sheath boundary i’ 
For a contactor operating at a fixed electron collection current in a 
space plasma environment, the outer sheath boundary radius remains fixed 
so this means the sheath thickness decreases and as a consequence the 
r 
6 
potential difference required between the contactor and the ambient 
space plasma to induce the desired electron collection current 
decreases. Because the ions flowing through the double-sheath play an 
important role in controlling this sheath potential drop it is important 
to understand the ion production and loss mechanisms that are important 
in the high density plume region. 
Ion production can occur when contactor discharge electrons 
experience inelastic collisions with neutral atoms near the orifice of 
the hollow cathode. Because these ions are formed in the high density 
plume region (Fig. 1) near the cathode and anode of the contactor, many 
recombine on these surfaces and do not escape through the double-sheath. 
Ions can also be produced in the high density plume by electrons 
streaming from the ambient plasma which experience inelastic collisions 
with neutral atoms before they are collected at the contactor anode or 
some other surface. It is believed that the streaming electrons produce 
ions closer to the inner boundary of the double-sheath (further 
downstream of the contactor) than do the discharge electrons and it is 
suggested therefore that ions produced by streaming electrons are more 
likely to escape from the high density plume region through the double- 
sheath. is noted that the production of ions at a significant rate 
by the streaming electrons is accompanied by the development of 
luminosity within the high density plume and as a result operation in 
this condition has been termed the "ignited modelr8 of contactor 
operation. One would expect this luminosity because of the contactor 
expellant gas excitation/de-excitation processes that accompany 
ionization. 
It 
plasma 
Substantial ion production induced by the streaming electrons 
occurs when 1) streaming electrons acquire sufficient energy as they 
7 
pass through the double-sheath to induce ionization and excitation and 
2) the density of expellant atoms in the high density plume is 
relatively high so the probability that these collisions will is 
significant. The expression developed in Appendix A which gives the ion 
production rate due to streaming electrons is 
occur 
Where Q+ and u are, respectively, the ionization and inelastic 
collision cross-sections evaluated at the streaming electron energy 
(i.e. the sheath potential drop); nn and vn are the neutral atom 
flowrate and thermal velocity of the neutral atoms, respectively; Po and 
To are the neutral atom pressure and temperature of the ambient 
background gas, respectively; and S is a small distance downstream of 
the contactor within which ions that are produced fall toward and 
recombine on cathode or anode surfaces rather than being drawn toward 
the double-sheath. This distance would be expected to be of the order 
of the Debye length associated with the plasma in this region, but for 
the present it will be left as an unspecified small distance. 
in 
. 
The neutral density variation through the high density plume which 
has been prescribed in order to develop Eq. 3 is represented as a point- 
source of neutral atoms expanding freely from the cathode orifice 
through the solid angle 3 into a neutral background gas at a flowrate 
n . The neutral atom density profile n that develops as a function of 
radius r within the high density plasma and double-sheath regions shown 
in Fig. 1 as a consequence of this neutral atom flow is described 
mathematically by the equation 
. 
n n 
8 
The neutral atom thermal velocity v in this equation is assumed to be n 
determined by the hollow cathode temperature Tc (Fig. 1) on the basis 
that neutral atoms flowing through the hollow cathode will probably 
come into thermal equilibrium with it because of their low flowrate 
(i.e. 
v-J% n . 
The first term on the right-hand side of Eq. 4 describes the variation 
in density due to the neutral atom flowrate and the second term imposes 
the ambient background neutral atom density associated with the ambient 
neutral gas pressure (Po) and temperature (To). 
The double-sheath region separating the high density plume and 
ambient plasma regions shown in Fig. 1 has been modeled using a general 
9 solution to the spherical, space-charge limited double-sheath problem. 
In order to obtain a description of the phenomena involved without 
introducing unnecessary complexity into this preliminary model, several 
simplifying assumptions have been made. Specifically, for the case of 
the electron collection mode of operation being considered here, these 
assumptions are that 1) there is an infinite supply of zero velocity 
electrons with mass me at the outer boundary of the sheath (i.e. at the 
surface with radius ro), 2)  there is an infinite supply of zero velocity 
ions with mass m at the inner sheath boundary (i.e. at ri), 3)  no 
collisions occur as these two groups of particles counterflow through 
+ 
the double-sheath region and 4 )  the electric fields at both the inner 
and outer sheath boundaries are zero (i.e. the space-charge condition 
limits current flow on one particle group at each boundary). It is 
noted with regard to the first two assumptions that the condition of an 
infinite supply (density) of charged particles having zero velocity at a 
boundary represents an approximation that facilitates analysis. If 
complete analysis of pre-sheath regions had been undertaken rather than 
making these assumptions, the problem would have been more complicated 
than can be justified for this preliminary, first-order analysis. 
The principal result of Ref. 9 developed on the basis of the four 
assumptions listed in the preceeding paragraph are Eqs. 5 and 6 .  
Equation 5 describes the electron collection current J drawn through the 
sheath as a function of the sheath potential drop V and E q .  5 describes 
the ion emission current J, which will counterflow at the doubly space- 
charge limited condition in terms of the electron current J. 
i 
The parameters jo and a in E q s .  5 and 6 ,  which depend only upon the 
radius ratio r./ro, have been determined numerically in Ref. 9 and plots 
of both jo and a versus radius ratio reproduced from Ref. 9 are 
contained in Appendix A .  A plot of jo versus radius ratio which has 
been expanded to include values of jo very close to radius ratios of 
unity, is also given in Fig. 2 .  This plot was made so that plasma 
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contactors operating at relatively high electron collection currents and 
l o w  sheath potential drops (a mode of operation which theoretically I 
should display radius ratios approaching unity) could be studied using 
I 
the model. ~ 
In this report the magnitudes and ratios of radii associated with 
inner and outer boundaries of double-sheaths measured over a wide range 
of operating conditions in a laboratory environment will be compared to 
corresponding magnitudes and ratios of radii computed at these operating 
conditions using the theoretical model outlined in the preceeding 
paragraphs. The degree ,of agreement between measured and calculated 
magnitudes of inner sheath boundary radii will be used as the criterion 
to evaluate the portion of the model that describes ion losses to this 
boundary at the Bohm velocity. Similarly the degree of agreement 
between the magnitudes of outer sheath boundary radii and the ratio of 
the radii will be used to argue respectively about the validity of the 
collection of electrons travelling at thermal velocities in the ambient 
plasma the doubly space-charge limited ion and electron flow under 
the influence of the sheath potential drop. Evidence of shortcomings 
associated with the model will also be sought. These will include 
deficiencies related to the simplified geometry that has been used in 
developing it as well as basic conceptual deficiencies. 
and 
APPARATUS AND PROCEDURE 
In order to test hollow cathode-based plasma contactors the 
apparatus shown in Figs. 3 ,  4 ,  and 5 was constructed. The test 
apparatus shown schematically in Fig. 3 consists of two hollow cathode 
devices, one used to generate a dilute ambient plasma (shown on the 
right and labelled "simulator") and the other used to couple to the 
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n 
dilute ambient plasma (shown at left and labelled "contactor"). The 
space plasma simulator hollow cathode consists of a 6.4 mm diameter 
tantalum tube equipped with an orifice plate which has a 0.38 nun dia 
orifice orifice hole drilled through its center. The anode of the 
simulator is a 30 mm dia flat plate made of tantalum oriented parallel 
to and -2 mm downstream of the cathode orifice plate. The simulator 
hollow cathode utilizes a heater to maintain the temperature of its 
insert (made of rolled tantalum foil treated with Chemical R-500) and a 
discharge power supply to sustain an electrical discharge between the 
anode and the insert which is connected electrically to the hollow 
cathode body and orifice plate. 
The plasma contactor hollow cathode, which is similar to the space 
plasma simulator hollow cathode, consists of a 6.4 mm tantalum tube 
equipped with an orifice plate which has a 0.76 mm diameter orifice hole 
drilled through its center. The contactor anode differs from the one on 
the simulator in that it is segmented into four separate anodes (see 
Fig. 4 )  which can be individually held at anode potential or allowed to 
float by using the anode switches shown in Fig. 3 .  This anode design 
was chosen so the effects of changing the anode area on the plasma 
contacting process could be studied. The bias power supply shown 
directly below the contactor in Fig. 3 is used to bias the contactor 
with respect to the simulated space plasma, simulator, and the vacuum 
tank wall in order to force a current to be conducted between the 
contactor and simulated plasma. The squares shown in Fig. 3 represent 
the various power supplies required to perform experiments and the 
circles represent electrical meters used to measure the various currents 
and voltages of interest in the tests. 
16 
The two switches labelled A and B in Fig. 3 are used to connect the 
contactor anode to the bias supply output and the simulator cathode to 
the tank wall (position 1) when the contactor is operating in the 
electron collection mode (bias supply output positive) and the contactor 
cathode to the bias supply output and the simulator anode to the tank 
wall (position 2) when the contactor is operating in the electron 
emission mode (bias supply output negative). By positioning these 
switches in the manner just described one avoids the imposition of 
limitations on the contactor and simulator emission currents (J and CE 
J ) when the contactor and simulator discharge currents (J and JsD) 
are being controlled. 
SE CD 
3,lO 
Emissive and Langmuir probes, which are used to measure the plasma 
properties in the region between the contactor and the simulator, are 
shown in Fig. 5 .  The probe support rod which is shown was designed to 
position the probes along the tank centerline from a location within 
-1 cm of the contactor anode plane to one within -10 cm of the simulator 
anode. probe support rod can also be rotated thereby allowing the 
probes to be positioned within the region extending to radial locations 
up to -30 cm from the tank centerline over the same axial range. The 
The 
emissive probe was used to measure plasma potential and was designed and 
operated the manner described by Aston." The emissive probe output 
(probe floating potential) was sensed by the Y-axis of an recorder 
at the same time the axial probe position was detected by a 
potentiometer and transmitted to the X-axis of the recorder. By using 
this apparatus, continuous plasma potential versus.distance traces were 
obtained. By positioning the emissive probe at various radial 
locations, plasma potential contour maps of the region surrounding the 
contactor could also be obtained. 
in 
X-Y 
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The Langmuir probe circuitry used for these tests is the same as 
that described by Laupa,12 but the experimental procedure used to 
collect the data differed from the procedure he used. In the present 
case the plasma potential was first recorded with the emissive probe. 
Next, a 0 . 3 2  cm dia spherical Langmuir probe was rotated into the 
position where the plasma potential had been measured and a retarding 
region Langmuir current/voltage trace was obtained by biasing the probe 
below this plasma potential and inputting the resulting probe 
current/voltage data to an X-Y recorder. This procedure is preferred 
because analysis of the Langmuir trace is simplified considerably when 
the plasma potential (known from the emissive probe measurement) can be 
used to analyze the Langmuir probe data. This is especially true in low 
density plasmas where thick electron collection sheaths grow around the 
probe at positive probe biases making plasma potential determination 
from the Langmuir trace difficult. 
The experimental procedure used to test plasma contactors in 
ground-based laboratories was initiated by first starting both the 
contactor and simulator hollow cathode devices. Typically, the 
simulator of 
1.9 standard cubic centimeters per minute (sccm) of Xenon (Xe) and a 
discharge current JSD of 0.3 A, These conditions together with a 
cathode heater power of - 5 5  W resulted in a simulator discharge voltage 
in the range between -10 and 20 V. On the other hand, the contactor 
operating conditions, which were varied parametrically during typical 
experiments, were set at the first test point conditions of flowrate 
(& ) and discharge current (J ) . Next, the bias supply was used to 
hold the contactor at a given potential (within the range +150 V with 
operating conditions were held constant with a flowrate & 
S 
C CD 
respect to the vacuum tank ground) while the electron emission current 
indicated by the meter labelled JCE in Fig. 3 was recorded. At this 
operating condition a plasma potential profile within the region between 
the contactor and simulator was generally recorded using the emissive 
probe. Finally, Langmuir probe traces were obtained at several 
locations between the contactor and simulator. Once all the data at 
this operating condition had been recorded, the bias potential. was 
changed’and the procedure was repeated. After the contactor had been 
completely characterized over the bias potential range of interest at 
the given flowrate, discharge current, and anode area, the contactor 
operating conditions and/or anode area were changed and the procedure 
was repeated. 
In addition to the above experiments, the manner in which the 
expellant flowing from the contactor hollow cathode expands was 
investigated using the following procedure which was carried out when 
the contactor and simulator discharges were extinguished. A nude 
Phelps/Schultz pressure gauge, mounted on the probe support rod in place 
of the emissive and Langmuir probes shown in Fig. 5, was used to measure 
the pressure. The pressure indicated by the Phelps/Schultz gauge along 
with corresponding probe position data were fed to an X-Y recorder so 
continuous of pressure as a function of axial position could be 
obtained. The process of collecting axial pressure profiles was 
repeated at several radial locations so an axisymmetric pressure map 
could be generated. This pressure map was then converted to a neutral 
atom density map by assuming the neutral atoms that passed through the 
cathode left it at the cathode temperature (-1300 K) and that the total 
neutral atom density consisted of this high temperature component 
superimposed on a uniform ambient component. The ambient component was 
computed using the ambient pressure assuming the ambient neutral atoms 
traces 
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were in equilibrium with the vacuum tank walls at a temperature of -300 
K. 
RESULTS 
Backmound 
The performance of a contactor can be judged by how efficiently 
(i.e. at what potential drop) it exchanges current with a relatively 
diffuse ambient plasma. In general, the contactor performance as an 
electron emitter is displayed by plotting the electron current it emits 
as a function of its potential. In the experiments to be described, the 
contactor electron emission current J will be plotted on the y-axis 
and the contactor potential measured with respect to the ambient plasma 
potential will be plotted on the x-axis. This contactor potential, is 
defined as the bias power supply output (VB in Fig. 3 )  minus the plasma 
potential (V ) measured in the region downstream of the double-sheath 
relative to tank ground. Note that an ideal contactor would display a 
current/voltage characteristic curve which is close to a vertical line 
at zero potential on this type of plot. By convention electron current 
emitted and ion current collected by the contactor will be designated as 
positive current and electron current collected and ion current emitted 
by the contactor will be designated as negative current. 
CE 
P 
The typical current/voltage characteristic cume shown in Fig. 6 
was obtained using a contactor operating at a discharge current J and 
voltage VCD of 0.3 A and 12 to 20 V, respectively, when the contactor 
flowrate mc was 4.1 sccm (Xe) and the corresponding ambient tank 
pressure P was 5x10 Torr. For this test the anode diameter was 12 cm 
(i.e. all of the anodes shown in the contactor diagram of Fig. 4 were 
CD 
0 
-6 
0 
held at anode potential). Figure 6 shows that this contactor exhibits a 
characteristic curve that is close to the ideal one in the electron 
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emission mode (i.e. in the upper, left-hand quadrant) once the voltage 
difference between the contactor and ambient plasma is below --25 V. On 
the other hand, the cuwe shown in the lower, right-hand quadrant of 
Fig. 6 for the electron collection mode of operation shows a somewhat 
different structure. At contactor potentials (VB - Vp) less than -40 V 
the electron collection current is shown to first increase with 
increasing potentials and then to flatten out. Suddenly, at a contactor 
potential slightly greater than 40 V, the current is shown to increase 
from -70 to -400 mA. This transition from a relatively low electron 
collection current to a high current is labelled the "transition to 
ignited mode". The transition is accompanied by the appearance of a 
bright luminous glow which surrounds the contactor that could not be 
seen at the lower current operating conditions. It is suggested that 
neutral atom excitation which induces the luminosity and, presumably, 
ionization is occurring in the ignited mode of electron collection. 
Once the contactor is operating in the ignited mode small increases in 
contactor potential induce substantial increases in the electron current 
collected. At each operating point indicated by the circular symbols in 
Fig. 6 ,  plasma property measurements were typically made within the 
region between the contactor and simulator. 
A typical plasma potential profile measured along the tank 
centerline in the region near the contactor when it was operating in the 
electron collection mode is shown in Fig. 7 .  It was obtained at a 
contactor discharge current and voltage of 0.3 A and 15 V, respectively, 
and a contactor flowrate of 4.1 sccm (Xe). The ambient background 
pressure during the test was 3.2~10 Torr and the contactor was 
collecting 600 mA of electron current from the ambient plasma (JcE = 
-600 mA). As shown in Fig. 7 the plasma potential in the region 
- 6  
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immediately downstream of the contactor is relatively constant at -80 V 
positive of the vacuum tank reference potential. This relatively flat 
potential region is labelled the "high density plume" and is shown to 
extend to a location -10 cm downstream of the contactor anode plane. 
Far downstream of the contactor the plasma potential profile again 
becomes quite flat. This region is termed the "ambient plasma" and is 
shown to be separated from the high density plume region by a region 
which displays a large voltage drop. Because this region is thin 
(-2 cm) and the neutral density in this region is low, it is unlikely 
that this potential drop is caused by momentum transfer collisions. The 
only other possibility for this large of a potential drop to be 
sustained within a plasma is the development of a plasma sheath. In 
this case both ions and electrons are counterflowing through the sheath 
region and since both positive and negative space-charge plasma sheaths 
are observed to form at the respective boundaries, the term "double- 
sheath" l3 is used to describe the region. The interface between the 
high density plume and the double-sheath is termed the "inner radius 
location rill. The term radius is used here to suggest that the 
contactor is coupling to the ambient plasma through a spherical segment 
as suggested by Fig. 1. The interface between the double-sheath and the 
ambient plasma is termed the "outer radius location rot' and is shown to 
be located at -12 cm. The sheath potential drop VSH for the particular 
plasma potential profile shown in Fig. 7 is -40 V. 
The properties of the plasmas corresponding to the high density 
plume and the ambient plasma for many different operating conditions 
have been measured using a Langmuir probe. Figure 8 shows examples of 
Langmuir probe traces taken in each of these two regions when con- 
tactor was operating at a discharge current and voltage of 0.5 and 19 V, 
the 
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respectively, and when the expellant flowrate was 3 . 6  sccm (Xe). The 
ambient neutral background pressure during this test was 4 ~ 1 0 - ~  Torr and 
the contactor was collecting 750 mA of electrons. Figure 8a, a plot of 
Langmuir probe current versus voltage obtained within the high density 
plume, shows very distinct primary (or mono-energetic--characterized by 
a linear probe current/voltage relationship) electron and Maxwellian 
(characterized by an exponential probe current/voltage relationship) 
electron dominated regions typical of traces obtained in the high 
density plume. A semi-log plot of the high density plume Langmuir probe 
data of Fig. 8a is shown in Fig. 8b. This figure shows (solid line) the 
extent to which an assumed primary-plus-Maxwellian electron distribution 
function model can be used to fit the data (open circles) and the plasma 
properties that correspond to this particular fit. Note that the value 
of the primary electron energy estimated directly from the data of 
Fig. 8a (35 eV) does not agree exactly with the energy determined by the 
curve fit result (42 eV). In contrast to Fig. 8a where many primary 
electrons were present, Fig. 8c (recorded within the ambient plasma 
region) shows that a straight line can be made to fit the data when it 
is plotted on a semi-log scale (Fig. 8d). This straight line behavior 
on a semi-log plot is indicative of a relatively pure Maxwellian plasma. 
shown in Fig. 8 at 
many different locations along the tank centerline yields Maxwellian 
electron and primary electron properties that can be plotted as a 
function of axial position in the manner shown in Fig. 9. Figure 9a 
shows a plasma potential profile measured along the tank centerline for 
the operating conditions listed in the legend. Figures 9b and 9c show 
the Maxwellian electron and primary electron properties as functions of 
axial position. They suggest the Maxwellian temperature and density and 
Analysis of Langmuir traces similar to the ones 
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7 - 3  primary energy and density all remain constant at about 6 eV, 4x10 cm , 
40 eV and 3x10 cm , respectively, in the region downstream of the 
double-sheath for this case where -370  mA of electrons are being 
collected. It is noted that the primary electron energy in the ambient 
plasma is approximately equal to the ambient plasma potential. This 
suggests that these electrons are the ones that have been accelerated 
into the ambient plasma from the simulator hollow cathode at a potential 
near tank reference potential and have not experienced a substantial 
energy degradation as a result of collisions. It should be noted that 
the ratio of primary-to-Maxwellian electrons in the ambient plasma is 
small (usually less than 10% as in the case of the data of Fig. 8b). 
The data in Fig. 9b show the density of the Maxwellian electrons 
upstream of the double sheath drops rapidly with axial position. The 
ceiling symbol drawn on Fig. 9b near the double-sheath location 
indicates that the Maxwellian density and temperature were not 
measurable at this location because the primary electron signal 
overwhelms the Maxwellian signal (just as the primary signal dominates 
the Maxwellian signal in Fig. 8a). The data of Fig. 9c show the primary 
density is relatively constant both upstream and downstream of the 
sheath and that the upstream density is more than an order of magnitude 
greater than the downstream density. The primary electron density 
increases slightly as the radius decreases (in the region upstream of 
the double-sheath) probably because these electrons, after having been 
accelerated across the double-sheath from the ambient plasma, are 
concentrated as they stream radially inward toward the cathode. The 
energy of the primary electrons measured upstream of the double-sheath 
is shown to lie between 35  and 4 5  eV and this is roughly equal to the 
sheath potential drop shown in Fig. 9a. This result suggests that the 
6 - 3  
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primary electrons found in the high density plume region are indeed 
those that have been accelerated across the sheath from the relatively 
low temperature Maxwellian electron group in the ambient plasma. This 
provides additional evidence that the basic physical model that has been 
proposed is valid. 
Data like those shown in Fig. 9 can be used to evaluate the models 
proposed in the theory section of this report. In Fig. 10 experi- 
mentally measured values of the outer radius of the sheath determined 
from potential profiles like the one in Fig. 9a are compared to 
theoretical predictions of this radius calculated from Eq. 1, using 
plasma property data and the measured electron collection current 
together with the assumption that the electrons are collected through a 
solid angle of 4n steradians. The results of Fig. 10 were obtained over 
the range of operating conditions which are listed in the legend. 
The proximity of the data points to the solid 45"  line drawn on Fig. 10 
indicates the degree to which experiment and theory agree. Similar to 
how Fig. 10 compares theoretical-to-experimental outer sheath radii, 
Fig. 11 compares theoretical-to-experimental inner sheath radii. The 
inner radius can be calculated by combining Eq. 2, which expresses the 
constraint on the ion current condition that must be satisfied in order 
to assure a stable inner sheath (i.e. the Bohm criterion), with Eq. 6 to 
obtain 
wide 
In order to investigate the validity of this equation, electron 
collection currents J and the sheath voltage drops were measured at 
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typical operating conditions and the parameter Q was then determined 
using the double-sheath model described in Ref. 9 .  At these same 
operating conditions the plasma density n and electron temperature T +i ei 
in the inner sheath region were also measured. In addition, a value for 
the pre-sheath correction factor -y was assumed (0.3). While this value 
is considered reasonable, it still needs to be determined on a rigorous 
theoretical basis. All of these data were then used in Eq. 7 to compute 
values for the theoretical inner sheath radii associated with each of 
the operating conditions. Typical inner sheath radius values computed 
using Eq. 7 (theoretical) are compared to corresponding ones determined 
from emissive probe measurements (experimental) in Fig. 11. The proxim- 
ity of the data points to the perfect fit line in Fig. 11 suggests that 
the model describes the experimental results to within -30%. On the 
basis this degree of agreement it is proposed that incorporation of 
the Bohm criterion for a stable inner sheath as the physical for 
defining the location of the inner sheath boundary is justified. A more 
detailed discussion of Figs. 10 and 11 along with other comparisons of 
experiment to theory are included in Appendices A and B. 
Effects of Flowrate on Plasma Contactor Performance 
of 
basis 
It has been shown that contactor performance improves with 
increasing contactor cathode flowrate. 2 s 8 s 1 0  This effect of flowrate is 
especially dramatic in the electron collection mode of operation as the 
characteristic curves of Fig. 12 show. These curves show that the point 
of transition into the ignited mode of electron collection (i.e. the 
point at which the curves drop off abruptly) occurs at progressively 
lower contactor potentials as flowrate is increased and as a result 
contactor potentials are reduced at all emission current levels. This 
decrease in contactor potential with flowrate can be explained with the 
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help of the spherical double-sheath model which has been outlined in the 
theory section of this report. The model indicates that an increase in 
the contactor cathode flowrate results in increased ion production in 
the high density plume region and this increased ion production causes 
the high density plume (and hence the inner boundary of the sheath) to 
expand. On the other hand, the outer boundary of the double-sheath, 
which depends only on the electron current being collected and the 
ambient plasma conditions, remains fixed. Consequently, the radius 
ratio increases and this causes the sheath potential drop to decrease at 
a given electron collection current condition. 
( 
When an experiment is conducted to demonstrate the details of the 
phenomena described in the preceeding paragraph, ambient plasma 
conditions existing in the vacuum tank are unfortunately observed to 
change. This occurs because ambient plasma conditions cannot be 
controlled independent of the contactor operating conditions, so some 
anomalies induced by changes in ambient plasma conditions are frequently 
observed. Still the effect of contactor cathode flowrate on sheath 
potential drop can be observed in plasma potential profiles like those 
measured at an electron collection current of 1 A which are shown in 
Fig. 13. As suggested in the above paragraph, the inner sheath 
boundary ri moves downstream and the sheath potential drop decreases as 
flowrate is increased. Along with this dramatic increase in the high 
density plume volume with increasing flowrate, Fig. 1 3  also shows that 
the downstream sheath boundary moves further downstream with increasing 
flowrate. It is this downstream sheath movement that is believed to be 
caused by contactor-induced changes in the ambient plasma conditions in 
the vacuum facility. 
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In developing Eqs. 3 and 4 in the Theory Section of this report 
neutral atoms supplied through the contactor at a rate A were assumed 
to expand as though they were coming from a point-source and passing 
into a free-molecular flow environment. Pressure measurements were made 
to study the validity of this assumption. A typical neutral density 
versus axial position plot as computed from pressure measurements made 
using a Shultz/Phelps ionization gauge (and by assuming that the 
neutrals flowing from the contactor are at the hollow cathode 
temperature Tc> is shown in Fig. 14. The line drawn through the data 
points represents a least-squares curve fit to the data using the 
equation 
n 
I 
n n -c-$+b . 
Z 
The closeness of the fit of the data points by the line suggests that 
the assumed 1/z2 dependence is valid and that there is spherical 
symmetry associated with the expansion so that rsz is implied. If the 
development based on free-molecular flow from a point-source through a 
solid angle $ that led to Eq. 8 is to be valid, the curve-fit parameters 
"c" and "b" in Eq. 8 would then by comparison with Eq. 4 be given by 
. 
n n ' vn c -  - 
and 
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By plotting the curve-fit parameter 'lc'l found experimentally from curves 
similar to the one shown in Fig. 14 against neutral atom flowrate in 
the manner illustrated in Fig. 15, one can determine the degree to which 
the one-dimensional model represented by Eq. 4 fits all of the data 
collected using the pressure probe. As Fig. 15 shows, mos t  of the data 
fall near the $ - 47r line suggesting that the neutral atoms flowing from 
the cathode expand through a full sphere to the ambient neutral 
background pressure. In reality, the neutral atoms probably expand in a 
more complex three-dimensional pattern, but it will be assumed that the 
neutral density can be modeled with adequate accuracy by Eq. 4 and that 
the flow expands through a solid angle of 47r steradians. 
n 
The plots of Fig. 16 show the actual axial and radial variation in 
neutral atom density which was measured at a typical contactor flow and 
ambient pressure operating condition. The data of Fig. 16 suggest that 
the neutral atom expansion induced by the contactor flow does 
not develop through a full 47r steradians and expansion is therefore not 
completely consistent with Eq. 4 .  Previous have shown that 
the 4n steradian solid angle fits the ion and electron flow situation 
best so the same angle will be used to describe neutral atom flow. This 
should ensure that all aspects of the theory can be applied 
consistently, thereby making the problem tractable in the context of 
this preliminary study. 
probably 
It is noted that the neutral atom density remains relatively 
uniform (Fig. 16) at distances beyond about 5-6 cm downstream of the 
contactor orifice for the flowrate conditions listed in the legend. In 
order to perturb the ambient neutral density at distances greater than 
6 cm, one would need to increase the neutral atom flowrate or 
decrease the background pressure substantially. Further, calculation of 
n 
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inelastic collision mean free paths for typical streaming electrons has 
shown that most of these collisions occur close to the cathode where the 
atom density is highest. This suggests in turn that the detailed 
structure of the neutral atom expansion may be less important than the 
magnitude of the neutral atom density close to the cathode (i.e. within 
a few centimeters of it). Because the double-sheath is typically of 
order 10 cm from the cathode it is argued that it is the magnitude of 
the neutral atom density close to the cathode rather than the detailed 
structure of the neutral density plume that affects the shape and 
position of the double-sheath most. 
It is interesting to compute the radial location (in the sense of 
the spherical model embodied in Fig. 1) at which the streaming electron 
current has produced sufficient ion current to satisfy the space-charge 
limited double-sheath condition as described in the Theory section of 
this report. This can be accomplished by first calculating the ion 
emission current required at the space-charge limited condition using 
Eq. 6 .  The radius 6 at which the streaming electrons coming from the 
sheath edge r will have produced this ion current can then be 
determined using Eq. 3.. The ion current produced by the streaming 
electrons within the region extending from the inner boundary of the 
sheath to the radius 6 is referred to as the ion production rate 
expressed as a current integrated from the inner radius of the sheath to 
the radius 6. Figure 17 shows plots of this integrated ion production 
rate as a function of radius computed at the electron current and sheath 
voltage drops measured at the two different flowrate and background 
pressure conditions indicated on the figure. Note that the assumption 
of spherical symmetry together with a definition of the solid angle $ 
through which electrons, atoms and ions counterflow ( 4 ~  in this case) 
i 
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must be made before Eq. 3 can be solved for the integrated ion current 
to a particular radius. In accordance with Eq. 3 ,  Fig. 17 shows the ion 
production current increases as the integration is carried to smaller 
radii for both curves. The location of the arrows on each curve (at 
about 1 cm) indicate the radial positions where the ion production is 
sufficient to satisfy the space-charge limited condition for the 
electron current being collected (JcE - -1.0 A ) .  It should be noted 
that the integration could theoretically be carried to a radius of about 
one Debye length (<1 mm at typical cathode plasma conditions) so this 
result suggests that many ions produced by the streaming electrons very 
close to the cathode orifice may be l o s t  to anode and surfaces 
where they recombine. 
cathode 
Comparison of the curves of Fig. 17 suggests that a substantial 
number of ions are being produced by the streaming electrons further 
away from the contactor cathode and anode surfaces in the higher 
flowrate case than are being produced in the lower flowrate case. One 
would expect that ions produced too close to the cathode (certainly 
those within about one Debye length of the orifice) would fall back into 
the cathode rather than escaping out to the region of the double-sheath 
where they could be extracted from the high density plume. On the other 
hand, ions produced further from the the cathode and anode surfaces 
would have a higher probability of escaping through the double-sheath 
region thereby causing the inner sheath boundary and radius ratio to 
increase and the sheath potential drop to decrease. This trend (i.e. 
increased neutral flowrates inducing higher ion production rates and 
hence higher ion currents across the double-sheath which in turn lead to 
increased inner sheath boundary radii and smaller sheath voltage drops) 
is consistent with the data presented in Fig. 13. 
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Effects of Anode Area 
Just as increasing the contactor flowrate has been shown to 
facilitate transition into the ignited mode of electron collection and 
to thereby cause the contactor to operate more efficiently, increasing 
the contactor anode diameter has also been shown to improve contactor 
performance. 3710’14 The effect of changing anode diameter on contactor 
performance is displayed quite dramatically in Fig. 18, a plot which 
shows contactor characteristic curves corresponding to anode diameters 
of 1, 3 ,  7, and 12 cm (i.e. 1, 3 ,  7, and 12 cm contactors). During the 
conduct of the tests that produced the data of Fig. 18, the contactor 
discharge current J voltage 
varied between 14 and 22 V. The contactor flowrate A was set at 4.1 
sccm (Xe) and the ambient background pressure was 4.3~10 Torr. It is 
noted that the 1 and 3 cm contactor characteristic curves do not extend 
to electron collection currents that are as high as those for the 7 and 
12 cm contactors because of power supply limitations. 
was controlled at 0.3 A and the discharge CD 
C 
- 6  
In order to understand the mechanism by which changes in anode 
diameter induced changes in characteristic contactor performance curves, 
plasma potential profiles were collected at an electron collection 
current of 250 mA using different contactor anode diameters. Typical 
profiles, obtained using contactors with anode diameters of 3 ,  7, and 
12 cm, are shown in Fig. 19. From this figure one can see that the 
ratio of the inner sheath to outer sheath radii for the 3 cm contactor 
is smaller than corresponding ratios for the 7 and 12 cm contactor 
plasma potential profiles. Viewing this observation in light of the 
contactor model represented by Eq. 5 and Fig. 2, the sheath potential 
drop for the 3 cm contactor would be expected to be higher than the 
potential drops corresponding to the 7 and 12 cm dia anode contactor 
44 
CONTACTOR POTENTIAL [ Ve- V p ]  ( V I  
0 . '  20 40 60 80 100 I20 
c a 
E 
Y - 200 
n 
W 
0 
7 
I 
I- z 
w -400 a a 
3 
0 
z 
0 - - 600 - 
H 
w 
6 -800 
W 
-I 
W 
- 1000 
J c ~ s 0 . 3  A 
Vco= 14 TO 2 2 V  
me =4. I sccm Me) 
Po =4 .3  x Torr 
Fig. 18. Effect of Anode Diameter on Current/Voltage Characteristic 
Curve 
45 
160 
140 
120 
- > 
Y 
100 
n 
>" 
a 
. 
A 
I- z 
w 
I- 
O 
- 
a 
a z 
v) a 
J a 
80 
6 C  
4c 
2c 
\-\ 
\ 
\ 
I 
I -- x 
J ~ ~ = O . ~  a 
VCO = I 5  TO 21 V 
m =3.4 sccm ( X e )  
Po - 3 ~ l O ' ~  Torr 
JcE--250 mA 
(CONSTANT) 
7 cm ANODE DIA 
3 cm ANODE DIA 
i___ '--- -- 
12 cm ANODE DIA 
0 IO 20 30 40 50 60 
AXIAL POSITION, cm 
Fig. 19. Plasma Potential Profiles for 3 , 7  and 12 cm diameter Anode 
Cont ac tors 
_ _ _  -. 
46 
profiles and this is indeed what the figure shows. The 7 and 12 cm 
contactor profiles are smoother, and they show less structure within the 
high density plume region than the 3 cm contactor profile. From Fig. 19 
one can also see that the radius ratios for the 7 and 12 cm contactors 
are comparable and one would expect therefore that voltage drops would 
also be comparable. The fact that they are not is a reflection of the 
great sensitivity of the sheath voltage drop to the radius ratio 
particularly when the radius ratios are near unity as they are in this 
case. It should be noted, however, that in general the potential drop 
across the sheath does decrease monotonically with increases in anode 
diameter (see for example Fig. 18). It is also noted that changes in 
anode diameter might be expected to influence the solid angle 3 through 
which the contactor couples to the ambient plasma and Eq. 5 indicates 
this would also influence the sheath voltage drop. 
Typically, the largest factor that would cause sheath potential 
drops to change with contactor anode diameter is the sheath radius 
ratio. This point, along with a demonstration of the applicability of 
the simple, double-sheath model, can be best made by plotting radius 
ratios measured over. a wide range of operating conditions against 
corresponding theoretically predicted ones. This has been done in 
Fig. 20. The fact that the model’ predicts the radius ratios with 
reasonable accuracy over this rather large range of operating conditions 
is demonstrated by the extent to which the data points in the figure 
fall about the perfect fit line and generally within the +25% error 
boundary lines. Note that the 12 cm contactor (circular data points) 
fall above -0.7 radius ratio values while the smaller diameter anode 
data extend to values in the region below -0.7 that decrease with 
decreasing anode diameter. Consequently, Fig. 20 shows that the larger 
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anode diameter contactors should perform better than smaller anode 
diameter contactors due to the larger radius ratios observed with the 
larger anode diameters. range 
of operating conditions as the data in the legend indicate. 
Test F a c i l i t v  E f f e c t s  
This trend has been observed over a wide 
After the 12 cm anode diameter contactor had been tested in the 
Colorado State University (CSU) vacuum tank, it was tested in the 4 . 6  m 
diameter by 19.2 m long vacuum tank at the NASA Lewis Research Center 
(LeRC) . l4 For these tests the contactor- to-simulator separation 
. distance was 8 . 6  m (more than three times the separation distance used 
in the CSU experiments). Not only was the tank size larger, but the 
ambient background pressure at comparable contactor and simulator 
flowrates was about one fourth the pressure in the CSU facility. The 
LeRC simulator was a hollow cathode device which was operated at a 
discharge current J of 3.5 A, a flowrate is of 6 . 8  sccm (Xe) and a 
discharge voltage VSD of -16 to 20 V. Unlike the CSU simulator, the 
LeRC simulator was operated at a sufficiently high discharge current so 
no external heater power was needed to sustain the insert temperature. 
SD 
A comparison of typical current/voltage characteristic curves 
obtained at both facilities with the contactor operating at the same 
flow and discharge conditions in the electron collection mode is shown 
in Fig. 21. The figure shows the contactor performing nearly ideally in 
the CSU facility with the contactor potential nearly constant at -11 V 
over the range of currents investigated at this relatively high flowrate 
and a high ambient tank pressure condition. This performance is shown 
to be considerably poorer in the LeRC facility ( - 4  to 8 times higher 
contactor potentials were required at similar current levels). In 
addition, the contactor potential begins to increase as electron 
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collection currents are increased above about -1.2 A .  No data were 
taken above 1 A of electron collection for the experiments performed at 
the CSU facility. 
Typical plasma potential profiles taken on the tank centerline in 
the LeRC facility are shown in Fig. 22. The data of Fig. 22a correspond 
to operation at a relatively low electron collection current condition 
This profile displays what appear to be sheaths at' two (JCE 
locations, one within the region near the contactor which does not 
exhibit a large voltage drop, and a second, sheath having a larger 
potential drop located -25 to 45 cm downstream of the contactor. Figure 
22b shows a potential profile measured at an electron collection current 
of 1.2 A. At this higher current a well defined double-sheath region 
located between' -25 and 40 cm is apparent, however, a non-uniform 
potential variation similar to the small sheath structure shown in 
Fig. 22a still seems to exist within the high density plume region. By 
comparing Figs. 22 and 13 or -19, it is apparent that the magnitudes of 
the outer sheath radii are about three times those measured in the CSU 
facility at comparable electron collection currents. The outer sheath 
radii measured in the LeRC facility are probably larger than those 
measured at CSU because the ambient plasma density is lower in the LeRC 
facility, The actual plasma properties were not measured during these 
tests, however, so this statement cannot be made conclusively. 
- -100 mA) . 
A comparison of experimentally measured radius ratios made against 
values computed using the model inherent in Eq. 5 and Fig. 2 using data 
taken at both facilities is shown in Fig. 23. This figure shows that 
experimentally measured radius ratios are typically less than computed 
ratios when tests are conducted in the LeRC test facility (near the -25% 
error line) while these ratios as measured and then computed from data 
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, 
collected in the CSU facility are in better agreement. This result 
suggests that a shortcoming in the double-sheaeh model which was not 
apparent the more restrictive test environment at CSU may have been 
uncovered in the LeRC tests. Specifically, the results suggest the 
either the assumption that the double-sheath is spherical in,shape or 
the assumption that no collisions occur within the double-sheath may be 
breaking down. In evaluating these possibilities it is noted that the 
likelihood of a significant collision rate within the double-sheath is 
smaller in the lower pressure environment associated with the LeRC tests 
than it is in the CSU test environment and that calculations suggest it 
should be negligible in both cases. On the other hand, the luminous 
plume observed when the contactor was operating in the ignited mode, 
which appeared spherical during the CSU tests had an ellipsoidal shape 
when it was observed during the LeRC tests. This ellipsoid was aligned 
with its major axis along the contactor cathode axis and it is 
considered that this geometrical configuration could have been induced 
by either a non-spherical neutral atom expansion or the lower plasma and 
neutral atom density conditions that existed in the LeRC facility. 
in 
Finally, it is noted that an ellipsoidally-shaped double-sheath, in 
which the radius ratio was determined from measurements made along the 
major axis and the theoretical radius ratio was computed assuming a 
spherically-shaped sheath, would be expected to cause the downward shift 
in the LeRC data shown in Fig. 2 3 .  The fact that sheath potential drops 
observed in the LeRC tests (Fig. 21) were higher than those in the CSU 
tests is consistent with the fact that inner-to-outer sheath radius 
ratios measured at LeRC were lower than those measured with similar 
operating conditions at CSU. 
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Although experimental results obtained at the two facilities do not 
indicate the same performance for the 12 cm contactor, several similari- 
ties between the two sets of experimental results can be listed. First, 
the double-sheath is observed to develop between the contactor and the 
simulated plasma in both facilities, and the majority of the voltage 
drop between the contactor and simulated space plasma is shown to occur 
across this sheath. First-order approximations of the double-sheath 
radius ratio computed using a simple spherical space-charge limited 
double-sheath model agree to within about 30% with experimentally 
measured radius ratios. Second, the plasma potential directly adjacent 
to the contactor anode (i.e. -2 cm downstream) was found to be close to 
the output of the bias power supply (i.e. the potential of the plasma 
near contactor was always close to the contactor anode potential). 
Finally, the transition to the ignited mode of electron collection was 
observed in both facilities when sufficient flowrate and bias voltage 
were applied. 
the 
CONCLUSIONS 
A simple, first-order model of the plasma contacting process based 
on the assumption of spherical symmetry has been developed. The 
essential elements of the model reflect the fact that a double-sheath 
develops between the plasma produced by the contactor and the ambient 
plasma when a contactor is collecting electrons. The inner boundary of 
this sheath is located at a position where ion losses through the sheath 
will satisfy both the Bohm stability criterion and the space-charge 
limit on ion extraction. The outer boundary of the double-sheath is 
located such that its surface area is sufficient to collect the electron 
current being demanded from the random current density in the ambient 
55 
determined by the fact that both the ion and electron currents that 
counterflow through the sheath do so at their space-charge lihited 
values. The bulk of the experiments that have been conducted to date 
indicate that the model represents the essential physical elements of 
the plasma contacting process when electrons are being collected. 
From the experimental results presented, contactor performance as 
reflected in the sheath voltage drop is shown to improve when anode 
diameter and/or contactor flowrate are increased. By considering the 
model these improvements in performance induced by increasing the 
contactor anode diameter have been correlated with an increase in the 
inner-to-outer sheath radius ratio at a given collection current 
operating condition. It is not known with confidence why increasing the 
anode diameter causes the radius ratio to increase, but it is believed 
that the high density plume expands under the influence of larger anodes 
and that this causes a more nearly spherical high density plume to 
develop when the tests are conducted at the ambient plasma density 
conditions realized in the CSU facility. The performance improvement 
induced by increasing the flowrate can be explained by recognizing that 
ion production by streaming electrons is induced progressively closer to 
the sheath where their likelihood of migrating to the sheath is higher 
as the flowrate is increased. This increase in ion flow causes the 
high density plume to expand and this in turn increases the sheath 
radius ratio and causes the sheath potential drop to decrease. It is 
noted that increasing either the anode diameter or flowrate causes an 
increased ion emission current which in turn reduces the sheath 
potential drop experienced at a given electron collection current. The 
model suggests that it is the ion current emitted from the high density 
plume which controls the performance of the plasma contactor even though 
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this current is a small fraction of the total current which is being 
conducted. The ion current is important because it mitigates the space- 
charge limit imposed on the electron current flow. 
Separate tests carried out using the same plasma contactor 
operating at the same flowrate and discharge power conditions in two 
different test facilities both suggest that it is the double-sheath that 
forms between the contactor and simulated space plasmas that induces the 
bulk of voltage drop associated with the contacting process. These 
tests show, however, that the double-sheath model describes the sheath 
radius ratios measured in tests conducted at CSU much better than it 
does in tests conducted at LeRC. The reason for this is considered to 
be due to the fact that the model is based on spherical symmetry and the 
sheath appeared to be near-spherical in the CSU tests while it was more 
ellipsoidal in the LeRC tests. 
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Appendix A 
Experimental Validation of a Phenomenological Model of the 
Plasma Contacting Process* 
John D. Williams: Paul J. Wilbur*and Jeff M. Monheiser+ 
Colorado State University 
Ft. Collins, Colorado 
Abstract 
A simple model of the near-field electron 
collection process induced by a hollow cathode- 
based plasma contactor biased positive of an 
ambient plasma is presented. It considers three 
regions associated with the process, namely, a high 
density plasma plume adjacent to the contactor, an 
ambient plasma from which electrons are collected, 
and an intermediate double-sheath region in which 
the bulk of the voltage drop associated with the 
process develops. Spherical symmetry is suggested 
by the experimental results and is used as the 
basis of the model. Experimental validation of the 
model is suggested on the basis that measured radii 
associated with the boundaries between regions and 
radii computed using the model generally agree 
within - 2 5 % .  This degree of agreement between the 
radii is used to infer that 1) the surface area at 
the rrmhlent plasma boundary is equal to the 
electron current being collected divided by the 
ambient plasma random electron current density, 2)  
the surface area of the high density plume boundary 
is equal to the ion current being emitted from the 
plume divided by the ion current density required 
to sustain a stable sheath and 3 )  the voltage drop 
across  the double-sheath is determined based on 
space-charge limited ion and electron current flow 
between these two boundaries. 
1-u 
The development of a theoretical model of the 
plasma coupling process is essential if results 
obtained in the laboratory are to be used to 
predict what will occur in space-based experiments, 
and to understand the phenomena inherent in the 
plasma coupling process. The purpose of this paper 
is to present a preliminary model describing the 
phenomena observed in ground-based experiments 
using a hollow cathode plasma contactor to collect 
electrons from a dilute ambient plasma under 
conditions where magnetic field effects can be 
neglected. In the electron collection mode 
electrons not only flow from the dilute ambient 
plasma to the contactor, but ions produced in the 
region adjacent to the contactor flow away from it. 
Recent experimental results suggest that the plume 
region, in which ions are produced, has a 
relatively high plasma density and that the 
dominant voltage drop associated with electron 
collection by a plasma contactor occurs across a 
double-sheath that separates the high density 
plasma plume from the ambient plasma.' 
experiments also suggest that the sheath which 
develops in the electron collection mode is 
spherical. Furthermore, if it is assumed that both 
the ion and electron currents flow through the 
sheath at their space-charge limited values, 
experimentally measured dimensions of such sheaths 
*Work supported by NASA Research Grants NAG-9-120 
+Research Assistant, Dept. of Mech. Engr. 
++Professor, Dept. of Mech. Engr., Member A I M  
These same 
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and NAG3-776 
have been shown to be consistent with theoretically 
predicted dimensions found using a simple model of 
the spherical double-sheath.1'2 
A simple model which can be used to estimate 
the locations of the double-sheath region 
boundaries will be presented and correlated with 
experimental results. This model will focus on 
current density constraints at these boundaries, 
but it will also address ion production mechanisms 
in the plasma plume caused by discharge electrons 
from the contactor cathode and by electrons 
streaming into the plasma plume through the double- 
sheath from the ambient plasma. Substantial volume 
ionization induced in the contactor plasma plume by 
these streaming electrons is believed to be 
accompanied by the atomic excitation reactions that 
cause the plume to be luminous and have led to the 
use of the term "ignited electron collection" to 
describe operation in this luminous cui i t i l t ion.  
Exuerimental Auuaratus and Procedure 
In order to investigate the process of electron 
collection from a dilute ambient plasma by a hollow 
cathode-based plasma contactor the apparatus shown 
schematically in Fig. 1 was built. The essential 
elements of the app,aratus are the simulator, used 
to generate a dilute, simulated space plasma; the 
plasma contactor to be tested; and the power supply 
used to bias the contactor relative to the 
simulator. Both the simulator and contactor are 
contained within a 1.2 m diameter by 5.3 m long 
stainless steel vacuum tank. The contactor is 
located at one end of the tank and the simulator is 
located - 2 . 7  m downstream near the center of the 
tank. As illustrated in Fig. 1, both the simulator 
and contactor are hollow cathode devices equipped 
with heater power supplies to facilitate startup, 
and discharge power supplies required to sustain 
discharges and, consequently, produce plasmas. The 
bias power supply shown directly below the 
contactor system was used to bias the contactor 
anode positive relative to the simulator, simulator 
plasma and the vacuum tank so the phenomenon of 
electron collection could be studied. 
CONTACTMI SIMULATOR 
I - TANK ? 
i-f-- 
Fig. 1 Electrical Schematic Diagram 
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SECTION A-A , 
[ I  
Fig. 2 Plasma Contactor Apparatus 
The contactor anodes shown in Fig..l are shown 
in more detail in Fig. 2 along with the essential 
details of the hollow cathode device. The hollow 
cathode is a 7 mm diameter tantalum tube electron 
beam welded to a thoriated tungsten orifice plate 
with a 0.76 ma diameter hole drilled through its 
center. The low work function emissive surface 
within the cathode tube is made of thin (0.008 mm) 
rolled tantalum foil treated with chemical R-500 (a 
triple carbonate mixture used to lower the work 
function of the tantalum foil). The anodes, which 
are located in a plane parallel to and 1 mm 
downstream of the orifice plate plane, are 
segmented in the manner suggested in Fig. 2. The 
sustaining anode has a -0.5 cm inside diameter and 
-1 cm outside diameter. The various auxiliary 
anodes can be floated or switched to anode 
potential independently (see Fig. 1) ~ Therefore, 
the effect of increasing the anode diameter from 1 
cm to 3 cm, 7 cm and 12 cm can be studied. The 
ammeters labelled Js, J1 , J2 and J3 in Fig. 1 
allow the currents flowing to the various anodes to 
be measured. The bias supply output was connected 
directly to the contactor anodes so that a 
limitation on the contactor discharge current J 
would not impose a limit on the contactor emission 
current J CE.l 
simulator was connected to the negative terminal of 
the bias supply and to the tank so its electron 
emission current JSE would not be limited by its 
discharge current setting JSD. It is noted that 
because only the electron collection process is 
being studied in this paper, the contactor emission 
current, measured with the ammeter labelled JCE in 
Fig. 1, will be defined as negative. 
CD 
Similarly, the cathode of the 
The simulator utilizes the same type of hollow 
cathode as the contactor, but its orientation and 
anode geometry differ. Its anode is a single, 3 cm 
dia flat plate made of tantalum. This anode does 
not have an orifice and the entire simulator 
assembly is oriented with its axis at right angles 
to the centerline joining the contactor and 
simulator. This simulator configuration was used 
because it was believed that this cathode axis and 
anode orientation would cause the plasma produced 
by the simulator to spread out into a diffuse 
plume. 
Plasma properties were measured using emissive 
and Langmuir probes that could be swept through the 
region between the contactor and simulator. The 
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emissive probe consists of a 0 . 0 7 6  mm diameter 
tungsten wire heated to thermionic emission 
temperatures by a floating battery power supply 
connected in the manner described in Ref. 4. This 
probe, along with the Langmuir probe, could be 
moved along the centerline joining the contactor 
and simulator and along paths parallel to this 
centerline at radii varying from 0 to 30 cm. At 
each operating condition the contactor discharge 
voltage and current, VCD and JCD; the bias voltage, 
V ; the contactor emission current, JCE; the B 
simulator discharge voltage and current, VSD and 
JSD; and the simulator emission current, JSE, were 
measured using the meters shown schematically in 
Fig. 1. For all tests to be described here the 
simulator was operated with a 1.9 standard cubic 
centimeter per minute (sccm) Xenon flowrate and a 
discharge current JSD of 0.3 A. 
Structural Basis of Model 
A typical potential profile measured along the 
tank centerline using the emissive probe when the 
contactor was operating in the electron collection 
mode is shown in Fig. 3 .  For this profile the 
contactor discharge current and voltage were 0.3 A 
and 15 V, respectively, and the contactor flowrate 
was 4.1 sccm (Xe). The electron collection current 
was -600 mA and the 12 cm anode dia was being used 
(i.e. all anodes shown in Fig. 2 were at anode 
potential) and the bias potential VB was -85 V. 
During the test the ambient pressure Po within the 
vacuum tank was 3.2~10 Torr. The figure shows a 
large potential drop sheath structure near the 
contactor after which the potential profile becomes 
flat (>12 cm). This flat (constant potential) 
region between 12 and 80 cm is followed by another 
sheath that extends between 80 and 150 cm. Beyond 
150 cm the plasma potential becomes flat again and 
remains this way until the position of the 
simulator is reached at -270 cm. It should be 
noted that the emissive probe was not positioned 
closer than -10 cm from the simulator. 
Consequently, the detailed structure of the 
potential variation immediately surrounding the 
simulator has been assumed in Fig. 3 .  This was 
done to show the complete potential field that an 
electron emitted from the simulator cathode and 
collected on the contactor anode moves through. 
The potentials of the simulator and contactor 
electrodes are also identified by the anode and 
cathode sketches shown on Fig. 3. 
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When several potential profile sweeps are made 
at various radii from the centerline of the 
contactor, a potential contour map, like the one 
shown in Fig. 4, of the region directly downstream 
of the contactor can be constructed. The 
particular data in this figure were obtained with 
the 12 cm anode dia configuration ana a contactor 
discharge current and voltage of 0 . 3  A and 23 V, 
respectively. The contactor flowrate was 1.4 sccm 
(Xe) which, along with the simulator flowrate of 
1.9 sccm (Xe), induced an ambient tank pressure of 
2x10 T o r r .  A t  these operating conditions an 
electron collection current of 1 7 5  mA was observed 
when the contactor was biased 156 V above the tank 
reference potential. The contours shown in Fig. 4 
suggest that the potential is relatively uniform in 
the vicinity of the high density plume region and 
that it drops relatively rapidly from about 140 V 
to 50 V. At a location near 17 cm downstream of 
the contactor a potential well is shown to exist by 
the 59 V potential contour after which the 
potential rises to a value that remains between 50 
and 60 V throughout the ambient plasma region. The 
fact that the contour lines take on a spherical or 
hemispherical shape suggests that electrons are 
flowing nearly radially inward from the ambient 
plasma and ions are flowing nearly radially outward 
from the high density plasma plume located within 
the 140 V contour. While the particular potentials 
observed on contour maps change as the operating 
conditions change the relatively spherical shape 
shown in Fig. 4 is typical so it is considered 
appropriate to assume this shape in models of the 
electron collection plasma contacting process. 
- 6  
Figure 5 shows a potential profile, similar to 
the one discussed in Fig. 3 ,  immediately downstream 
of the contactor on an expanded scale. This 
profile, typical of essentially all electron 
collection plasma potential profiles collected to 
date, shows the three distinct plasma regions that 
have been observed. These regions are: 1) a high 
density plasma plume region adjacent to the 
contactor and sustained by the contactor discharge 
electrons and the electrons drawn from the ambient 
plasma, 2 )  a double-sheath region across which a 
substantial voltage drop develops and 3) an ambient 
plasma region in which the plasma is Maxwellian and 
its properties are quite uniform. In the case of 
Fig. 5 the high density plume region is shown to 
extend from the contactor anode to a location -10 
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Fig. 5 Typical Centerline Plasma Potential Profile 
on Expanded Axial Scale 
Theoretical and Phvsical Elements of the Model 
The approach to the problem of developing a 
theoretical model, which describes electron 
collection from an ambient neutral plasma was to 
write basic charge conservation equations for ions 
and electrons flowing through the high density 
plume and double-sheath regions. This model was 
developed on the basis that the current being drawn 
through the circuit is conducted almost entirely by 
electrons and that the current flows through each 
region via a spherical segment of solid angle (0 < 
$I < 4%) in the manner suggested in Fig. 6 .  The 
ambient plasma region in Fig. 6 is characterized by 
an electron (and ion) density n and an electron 
temperature Teo. 
temperature reach ambient values Po and To far from 
the contactor in the ambient plasma region. 
neutral atom density n varies from a minimum, n 
corresponding to the ambient pressure and temperature, 
eo 
The neutral atom pressure and 
The 
6 3  
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Fig. 6 Physical Model of Electron Collection 
to a maximum at the contactor where neutral atoms 
of temperature TC are being supplied from a point 
source at a rate of n n' 
While the total current flowing through the 
double-sheath region is equal to the sum of the 
electron collection current J and the ion emission 
current J+, the ratio of the magnitudes of these 
currents varies as the square root of the ion-to- 
electron mass ratio: therefore, the electron 
current dominates. 
from the ambient plasma region into the high 
density plume region is assumed to be equal to the 
random ambient electron current incident on the 
outer boundary of the double-sheath region located 
at r and is given by: 
The electron current flowing 
Both the ion and electron currents, shown 
counterflowing through the double-sheath region in 
Fig. 6 ,  are assumed to be space-charge limited on 
the basis that it is the space-charge phenomenon 
that causes the double-sheath to form. The 
assumptions made to obtain the solution of the 
sheath problem2 together with the pertinent 
equations and figures are included here for 
completeness. 
an inner spherical surface of radius ri and 
potential Vi is supplying an ion current from an 
infinite supply of zero velocity ions of mass m+ on 
the inner surface (the high density plume region 
boundary). At the same time electrons of mass m 
and zero velocity are drawn from the outer 
spherical surface of radius ro (the ambient plasma 
region boundary). 
analysis, it is assumed there are no collisions 
(elastic or inelastic) within the double-sheath 
region. 
energy and conservation of charge are used in 
conjunction with Maxwell's formulation of Gauss' 
Law, equations describing the maximum flow of ions 
from the inner sphere (.I+) and electrons from the 
outer sphere (J) can be obtained in terms of the 
applied potential difference and the radius ratio 
The basis of the development is that 
In order to simplify the 
When equations describing conservation of 
of the two spherical segment surfaces. 
limiting maximum currents, which are achieved when 
the potential gradients at the edges of both 
spherical surfaces are zero, are given in Ref. 
These 
2 by 
and 
where c is the permittivity of free space and a 
and j 
radius ratio r./r It is interesting to note 
that the currents flowing from the inner and outer 
spherical surfaces are dependent only on the radius 
ratio and not on the absolute magnitude of these 
radii. 
are parameters that depend only on the 
1 0 '  
The variation of the parameters Q and j 
with radius ratio have been determined numerically 2 
and these relationships are shown in Figs. 7 and 8. 
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The model presumes the double-sheath develops 
between the radii ri and ro and at radii less than 
ri the plasma properties are constant at an 
electron density and temperature of nei and Tei and 
a plasma potential Vi (measured relative to the 
ambient plasma potential). 
which is equal to the electron density in this 
region, is sufficiently high so ions can be 
extracted through the double-sheath at a current 
J+. This ion current can be written in terms of 
the plasma density in the high density plume region 
if it is recognized that the ion loss rate is 
controlled by the Bohm criterion for a stable 
sheath5 defined by the equation 
The ion density n+i, 
where y is a correction factor that accounts for 
the effects of pre-sheath acceleration of ions from 
the high density plume region toward the double- 
sheath.6 
from 0.1 to 1 depending upon the plasma environment 
existing in the high density plume region. For the 
present work a value of 0.3 has been used for y so 
Eq. ( 4 )  can be used to compare predictions of the 
model with experimental results. More work needs 
to be done to determine if this assumed value for 7 
can be justified theoretically. 
The factor y may take on values ranging 
The final portion of the proposed electron 
collection model describes the balance between ion 
production and loss rates within the high density 
plume region. It is this balance which determines 
the ion density n+i in the plume region that can be 
used in Eq. (4). In addition to the ion loss rate 
from the high density plume described by Eq. (4), 
the following additional phenomena could be acting 
to induce significant ion losses: 
1) Ion collection on solid surfaces at a 
rate J+s determined by the area of the surfaces 
exposed to the high density plasma plume and the 
Bohm criterion' that must be satisfied in order for 
a stable sheath to exist at a surface collecting 
ions, 
2) Radiative recombination7 at a rate J+r and 
3 )  Three body recombination7 at a rate J+b. 
On the other hand, ions are produced within the 
high density plume region through the following 
mechanisms: 
1) Discharge induced ionization near the 
contactor at a rate J+d by electrons supplied from 
the contactor cathode, and 
2) Ionization within the high density plume 
region at a rate J 
contactor cathode that have been accelerated to 
high energies as they pass through the double- 
sheath. 
these ion production and loss rates yields the 
requirement 
by electrons directed at the 
+P 
Conservation of ion current considering 
The ion loss rate through the double-sheath J+ is 
described in Eq. ( 4 )  and the ion loss rate to solid 
surfaces J+s can be estimated using a similar 
equation; namely, 
where As is the area of the ion collecting surface 
exposed to the high density plasma (generally a 
cathode potential surface). 
The radiative recombination loss mechanism can 
be described using a rate factor given by Mitchner 
and Kruger7 and may be computed using 
It is apparent from this equation that this process is 
favored by low electron temperatures and high plasma 
densities. 
nei- n+i- 10 ~ m - ~ ,  temperature T - 3 eV and inner 
radius rig 10 cm measured under typical ground-based 
experimental conditions like those associated with 
Figs. 3 ,  4 and 5 ,  one finds J+r to be of the order 
milliampere level ion currents predicted using Eqs. 
( 2 )  and ( 3 )  so it appears that radiacive recombination 
losses can be neglected. 
Using values of plume plasma density 
a 
ei 
to lo-' A .  This current is much less than the 
The rate at which ions are lost to three body 
recombination J+b can be estimated using another 
rate factor given by Mitchner and Kruger 6 
3 
(5.6 X T;;I2 % (8) 2 ei "+i J+b - e n 
This equation, which considers electrons to be the 
most likely third body participants, shows that the 
reaction is even more heavily favored by low 
electron temperatures and high plasma densities 
than the radiative recombination process 
represented by Eq. (7). Substitution of the 
typical experimentally measured properties cited in 
the previous paragraph yields values of J+b on the 
order of to A ,  so this process should 
also contribute negligibly as an ion loss 
mechanism. 
The two ion production processes identified in 
Eq. ( 5 )  involve the ionization of neutrals coming 
from the contactor by the contactor discharge 
electrons and by electrons being collected from the 
ambient plasma. The rate of production by 
contactor discharge electrons can be determined 
experimentally by biasing the contactor positive of 
the vacuum tank wall, with the simulator shown in 
Fig. 1 off, so electrons from the contactor 
discharge are reflected from the tank wall and the 
ion production current J+d going to the tank wall 
can be measured directly. Under typical operating 
conditions current levels on the order of a few 
65 
milliamperes are measured. 
production mechanism, which involves electrons 
drawn from the ambient plasma, has not been 
measured directly, but can be computed using a 
simple model describing the process. 
The second ion 
In order to determine the rate at which ions 
are produced by high energy electrons that pass 
through the double-sheath and bombard neutral atoms 
within the inner plume region, it is first 
necessary to determine the neutral atom density 
profile through which these electrons pass. One 
might do this using a neutral gas plume model like 
the one suggested by McCoy ', but in this analysis 
a simple point source model was used instead. 
point source model was used because it is both 
sufficiently accurate and consistent with other 
assumptions of this analysis. For a hollow cathode 
expelling neutral atoms at a rate n from a point 
source into an ambient neutral background at 
pressure P and temperature T through a solid 
angle J,, the radial variation in neutral density 
may be described using the expression 
This 
n 
where r is the radius at which the atom density is 
sought. The neutral atom velocity v is given by n 
v n -/? ; 
where Tc is the hollow cathode wall temperature. 
It has been assumed that the neutral atoms flowing 
out of the contactor come into equilibrium with 
cathode surfaces at this temperature and that the 
atom and ion masses are equal. 
As the electrons being collected from the 
ambient plasma pass along radial trajectories 
through the double-sheath and then through the high 
density plume they can have inelastic collisions 
with neutral atoms having a density given by Eq. 
(9) at any radial location. It is, however, the 
ionizing collisions occurring within the high 
density plume region that contribute to the plume 
ion production rate. It will be assumed that 
electrons flowing through the double- sheath region 
which experience any type of inelastic collision 
(ionizing or exciting) lose sufficient energy so 
they will produce no further ions in the high 
density plume. At the conditions where experiments 
have been run, analysis has shown the rate at which 
these collisions occur in the sheath is small 
compared to both the ion and electron currents so 
the effect of these collisions on the double-sheath 
problem presented earlier has been neglected. 
Streaming (high energy) electrons that reach the 
radius ri shown in Fig. 6 without experiencing an 
inelastic collision have the energy associated with 
the sheath voltage drop V. and they can experience 
ionizing collisions as they move radially from ri 
to a radius that is one Debye length ( A )  from the 
cathode orifice. It is assumed that any ionizing 
collisions which occur within one Debye length of 
the cathode will result in the ions produced being 
collected by the cathode. In order to make the 
analysis tractable it has been assumed that 
electrons which experience any inelastic collision 
within the high density plume region have their 
energy degraded sufficiently so they will not 
produce additional ions. Any energy retained by 
streaming electrons that have produced ions is 
assumed to be dissipated in exciting neutral atoms 
and heating background electrons within the high 
density plume region. 
The rate (expressed as a current) at which high 
energy streaming electrons are lost as potential 
ion producers as a result of inelastic collisions 
in the double-sheath region is given by 
L 
where n is the electron density, and (I and ve 
are the inelastic collision cross section and 
electron velocity, respectively, corresponding to 
the electron energy at a radial location r. If one 
assumes the rate of electron loss given by Eq. (11) 
is small compared to the current flowing (e Rp<< J) 
then current continuity can be applied to obtain 
in 
2 J = e n  v J,r e e  
Substitution of Eqs. (9) and (12) into Eq. (11) 
yields 
This can be integrated numerically if the variation 
in cross section with electron energy and the 
variation in electron energy with radial position 
are known. The needed cross section data are given 
for Xenon in Refs. 9 and 10 and the exact variation 
in electron energy with radius can be computed 
using the model of Ref. 2.  In the present 
analysis, however, it has been assumed that the 
potential variation through the double-sheath is 
linear with radial position. 
typical experimental data measured in ground-based 
experiments conducted to date into Eq. (13) yields 
values of this rate (e Rm) that are less than 5 % 
of the ion current flowing from the high density 
plume region through the double-sheath. 
Consequently, the current of electrons that have 
been accelerated through the double-sheath and have 
not had inelastic collisions in the double-sheath 
region may be assumed to be equal to the electron 
current being collected J. 
The gradient of the streaming electron current 
Substitution of 
J' that develops in the high density plume region 
as a result of inelastic collisions occurring there 
is given by 
2 - E' - e n' n 4 .  v' J, r , (14) 
e n r n e  
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where the inelastic cross section u .  and streaming for it, but this has not been accomplished at this 
electron velocity v’ are evaluated at an energy 
corresponding to the sheath potential drop. 
Conservation of the streaming electron current J‘ 
in the high density plume region requires 
in point in time. 
ExDerimental Validation of the Model 
There are some aspects of the model, presented 
in the preceeding section, that have been studied 
experimentally using the apparatus shown in Figs. 1 
a and 2 and described in the associated text. They (15)  
2 J ’  = e n’ v’ $ r e e  
Combining Eqs. (9), (14), and (15) and integrating 
one obtains 
where J i  designates the current carried by 
streaming electrons that have not had an inelastic 
collision when they reach a radius that is one 
Debye length ( A )  from the cathode orifice. 
ionization rate induced by the electrons that do 
have ionizing collisions in the high density plume 
region is then given by the difference between the 
primary electron currents at ri and X times the 
fraction of the collisions that induce ionization, 
namely 
The 
u+ J - (J - J‘)- 
+P Oin 
In this equation, both the inelastic and the 
ionization cross sections u 
are evaluated at the sheath potential drop Vi. 
and u+, respectively, in 
Integration of Eq. (16) and substitution of the 
result into Eq. (17) yields 
where the Debye length is given by 
. (19) 
Equations (1) through (19), when coupled with a 
model of the spherical double-sheath like the one 
embodied in Figs. 7 and 8 ,  represent a simple, 
first-order model of the electron collection 
process in the region close to the contactor. If 
one prescribes the ambient plasma density and 
temperature and the temperature of the high density 
plume plasma, these equations can be solved 
simultaneously to yield the sheath voltage drop, 
ion current and inner and outer sheath radii as a 
function of the electron current being collected. 
It is anticipated that an energy balance on the 
high density plasma region might be applied to 
enable one to coinpute the electron temperature in 
this region rather than having to assume a value 
are the model elements associated with 1) electrbn 
current collection at the outer sheath boundary, 2 )  
space-charge limited ion and electron current flow 
through the sheath itself and 3 )  ion current 
emission across the inner sheath boundary. 
Experimental results that bear on each of these 
elements of the model will be discussed. While the 
model has been couched in terms of a variable solid 
angle $ the value of this angle will be assumed to 
be 4% in all of the comparisons that follow (i.e. 
the processes will be assumed to be occurring 
within a full spherical segment). 
done because this assumption appears to produce a 
model that agrees best with experimental 
observations. In this regard it is noted that 
this implies electron collection maybe occurring on 
both the upstream and downstream faces of the 
anodes shown in Fig. 2.  
Electron Collection at the Outer Sheath Boundary 
This has been 
Equation (1) can be rearranged to give the 
radius of the outer sheath boundary 
At various operating conditions, measurements of 
electron collection current, ambient plasma density 
n and electron temperature Teo were made. The 
electron collection current J is obtained by 
recording the magnitude of the contactor emission 
current from the ammeter labelled JCE in the 
electrical schematic diagram shown in Fig. 1. The 
plasma property measurements taken at this electron 
collection current condition showed thaY the 
density and temperature were quite uniform 
throughout the ambient plasma region so unambiguous 
values of the current and the ambient plasma 
properties could be put into Eq. ( 2 0 )  and an outer 
sheath radius based on this aspect of the 
theoretical model could be determined. At each 
operating condition the outer sheath radius could 
also be measured directly from a corresponding 
potential profile like the example shown in Fig. 5. 
Figure 9 presents a comparison of these directly 
measured experimental and theoretical outer sheath 
radii for cases where the contactor anode dia was 
12 cm. the contactor discharge power ranged from 10 
to 25 W, contactor flowrates ranged from 3 . 4  to 
4.1 sccm (Xe), tank pressures ranged from 2 . 6  to 4 
~ 1 0 . ~  Torr and electron collection currents varied 
from 100 to 1000 mA. 
the figure shows where the data would fall if the 
experiment agreed perfectly with the model. 
Although the data show considerable scatter, 
presumably because of errors associated with plasma 
property measurements and/or a non-spherical sheath 
boundary, the data suggest the model does yield a 
relatively accurate value of the outer radius. 
eo 
The straight line drawn on 
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Space-Charee Limited Current Flow Condition 
The validity of the double-sheath portion of 
the model can be checked by comparing measured 
radius ratios, inner radius-to-outer radius of the 
sheath region, with those the model predicts should 
exist at the specified electron collection current 
and sheath potential drop conditions at which the 
radius ratios are being measured. The radius ratio 
is expressed given in terms of the normalized 
current parameter j in Fig 7. This parameter is 
related to the electron collection current J - 
lJCEl and the sheath potential drop Vi - VSH by Eq. 
( 2 )  which can be rewritten 
Using Eq. ( 2 1 )  together with the data of Fig. 7, 
measured electron collection currents and sheath 
voltage drops, radius ratios associated with a 
particular operating condition can be computed and 
compared to experimentally measured ratios 
determined from corresponding emissive probe plasma 
potential profiles. 
comparison for data obtained over a wide range of 
operating and test conditions. The circular data 
points correspond to a contactor anode diameter of 
12 cm and to the data and operating condition 
ranges listed in Fig. 9. The other data points 
which correspond to smaller anode diameters were 
obtained in previous tests' and are included on the 
figure for completeness. As indicated by the 
perfect fit and 25% error boundary lines, the model 
predicts radius ratios with reasonable accuracy 
over a rather large range of operating conditions. 
It is interesting to note that the 1 2  cm anode dia 
data fall above a 0.8 radius ratio while the 
smaller diameter anode data extend over greater 
ranges in the region below 0.8 with the 1 cm anode 
dia covering the largest radius ratio range. It is 
Figure 10 shows this 
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Radius Ratios Based on Space-Charge 
Limited Double Sheath Criteria 
also noted that all of the circular darra points 
were obtained when the contactor was operating in 
the ignited electron collection mode. In this mode 
large electron collection currents are observed 
and, for typical sheath voltage drops, this implies 
the radius ratios approaching unity that are 
observed on the figure. 
Jon Current Emission at the Inner Sheath Boundary 
Equation (4), which expresses the constraint on 
the ion current condition that must be satisfied in 
order to assure a stable inner sheath (i.e. the 
Bohm criterion), can be combined with Eq. ( 3 )  to 
obtain 
At a particular operating condition where the 
electron collection current and the sheath voltage 
drop are known, the radius ratio associated with 
that operating condition can be determined from Eq. 
(21) and Fig. 7. This radius ratio can in turn be 
used to enter Fig. 8 and determine the value of the 
parameter a which can be used in Eq. ( 2 2 ) .  If, at 
the same operating condition, the plasma density 
n and electron temperature T in the inner 
sheath region are measured, all of these data can 
be used in Eq. ( 2 2 )  to compute a theoretical inner 
sheath radius. In order to make this computation, 
the value of the pre-sheath correction factor 7 was 
assumed to be 0.3. While this value is considered 
reasonable, it still needs to be determined on a 
rigorous theoretical basis. Figure 11 presents a 
comparison of this computed radius ri with the 
radius measured from data like those shown in Fig. 
5. 
fit line suggests that the model describes the 
experimental results to within -25 % ,  and, hence, 
the incorporation of the Bohm criterion for a 
stable inner sheath is probably justified. 
+i ei 
The proximity of the data points to the perfect 
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Jon Production and Loss M e c h a m  
Addi~iiriial eleiitilaiit~ of  the i i t ~ d ~ l  ihat 
manifest in Eqs. (5) through (19) have not been 
investigated experimentally to any significant 
extent at this time. Calculations that have been 
performed using typical experimental data suggest 
that the rate of ion production due to electrons 
screaming ihrough che sheath into the high density 
plume is on the order of a milliampere. This value 
is consistent with the space-charge limited ion 
current demanded by the solution to the spherical 
double-sheath problem and the discharge induced 
production of ions in the high density plume region 
since both of these ion currents are also on the 
order of a milliampere. 
Conclusion 
The simple model presented in Eqs. (1) through 
(5) seems to yield results that generally agree 
with experimentally measured ones. It suggests 
that the near-field plasma contacting process can 
be described using three distinct regions. These 
three regions are the high density plume region 
adjacent to the plasma contactor, a double-sheath 
region, and the ambient plasma region. 
Experimental results correlate well with the 
predictions of the model and show that space-charge 
phenomena control the development of the double- 
sheath. This double-sheath supports the bulk of 
the voltage drop which occurs between che contactor 
and the ambient plasma at a given electron 
collection current. Experimental results also 
suggest that the electron current flowing through 
the sheath is equal to the random electron current 
density in the ambient plasma times the surface 
area of the outer sheath boundary. Finally, the 
rate at which the ions flow across the inner sheath 
boundary is determined by the product of the ion 
current density required to sustain a stable sheath 
at the inner sheath boundary times its surface 
area. 
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Appendix B 
AN EXPERImNTAL INVESTIGATION OF THE F'LASW CONTACTING PROCESS* 
Paul  J. Wilbur** and John D. Wil l iams '  
Colorado State univers i ty  
Fort Collins. CO 80523 
b8 t r a c  f 
Measurements including plasma poten t ia l  p r o f i l e  
measurements made on a simple hollow cathode plasma 
contactor operating i n  the e lec t ron  co l lec t ion  and 
emission modes are described. The i g n i t e d  e lec t ron  
co l lec t ion  mode of contactor operation is ident i -  
fied, shwn t o  imprwe contactor performance and 
found t o  be f a c i l i t a t e d  increasing the size of 
the contactor anode. Potent ia l  profile data are 
ccmpared t o  the predict ions of a simple t h e a r e t z x l  
m o d e l  t h a t  describes space-charge-current limita- 
t i o n s  imposed by the  formation of a double sheath 
and found to  agree w i t h  mch other t o  within about +, 
2 s .  B e c a u s e  e lectrons,  which are the dcainant 
charge carriers,tend t o  be emitted from the hollow 
cathode i n  the mission mode and col lected by the 
anode i n  the col lec t ion  mode i t  is suggusted t h a t  
operation a t  high electrodynamic tether currents  
w l l l  probably require switching t h e  point of te ther  
conmction t o  the contactor between its cathode and 
anode when the d i rec t ion  of tether current  is 
reversed. 
~ o d u c t i o q  
Plaan w n t a c t o r s  are intended to clamp a point 
on a spawcraf t  t o  l o c a l  space plaama poten t ia l  
under conditions where s ign i i ioant  cur ren ts  might be 
required t o  flow in either d i rec t ion  between t h e  
spa- plasma and this point on the spacecraf t  t o  
Prevent a potent ia l  difference from developing. For 
electrodynamic tethered satel l i te  appl icat ions.  i t  
is especial ly  important tha t  these contactors  be 
desigmd t o  handle large currents  that can f lw in 
either direct ion tetween the ends of  the tether and 
the l o w  density ambient space plasma. While it is 
poss ib le  to w l l e o t  subs tan t ia l  e lec t ron  current 
frcm the ambient space plyma t o  a s u f f i c i e n t l y  
large c o l l e c t i w  surface, space experiments have 
shown tha t  i t  i s  d i f f i c u l t  to supply e lec t rons  t o  
the space plasma unless  the e lec t ron  pyrce is a 
plaama p l u e  produced by a contactor. ' Further, a t  
high current level8. the surface area required t o  
c o l l e c t  e lectrons may be too  large to  be prac t ica l  
and s ince  the surface of a platma plume can serve 
both as  an electron co l lec tor  anu c.-'%ter a dense 
plasma plume is propocud as  t h e  preferred space 
plasma coupling aleaent  f o r  both e lec t ron  co l lec t ion  
and emission. Such a plume can be produced a 
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hollow cathode when the c i r c u i t  between the dense 
plasma surface i t  produces and the end of  the  tether 
is completed through o m  of its electrodes. 
In  order t o  produce a platma plume i t  is gen- 
erally mcessary t o  supply sane gas from w h i c h  t h e  
p l a m a  can be produced. An e f f i c i e n t  plama contac- 
tor should require very l i t t l e  expel lant  gas and 
operat ing power t o  make a good e l e c t r i c a l  connection 
and should be able to  handle very l a r p  currents. 
Recent ground-baed experiments have ind ica ted  tha t  
the most r e s t r i c t i v e  l i m i t a t i o n  on e f fec t ive  p l a s m  
coupling is induced by spce charge effects which 
result in the formation of sheath acrosa w h i c h  sub- 
s t a n t i a l  voltage drops can occur.' Hence achieving 
e f f e c t i v e  plasma contactor operation can be 
t rans la ted  in to  the requirement t o  l i m i t  these vol- 
tage drops t o  acceptable  l e v e l s  without requi r ing  a n  
excessive COMumptiOn of expel lant  and/or operat ing 
power. 
the hollow cathode di8ChWge device developed for 
electric propulsion appl icat iona can be an e f f e c t i v e  
plasma contactor that meets this requirement. Both 
ground and space experiments have demonstrated t h a t  
the hollow cathode func t ions  e f fec t ive ly  as a n  elec- 
tron emitter in its o r i g i n a l  c o n f i g u r a t i ~ n ; ~  h a r  
ever. sono modification may be required t o  imprwe 
its e lec t ron  co l lec t ion  capabili t ies.  The focus of 
this study ha8 been, therefore, on the e lec t ron  col- 
l e c t i o n  mode of hollow cathode contactor operation. 
These same experiments have sugguated tha t  
Experimental results obtained w i l l  be corre- 
l a ted  w i t h  the predict ions of a simple theore t ica l  
model descr ibing t h e  voltage drop developed acro  a a 
This model mglects the effects of c o l l i s i o n s  but 
considers the effects of both ions and e lec t rons  
which counterilow under the inf luence of the appl ied 
poten t ia l  difference t o  Supply the t o t a l  current 
demanded. yblle the contr ibut ion of the ions t o  t h e  
current  that flmis mall their effect is substam- 
t i a l  becam they tend t o  mitigate the s p . ~  charp 
l i m i t a t i o n  impomd on the e lec t rons  thereby allowing 
them to conduct more current. 
double sheath a t  a given current  flow condition. 8 
dpparatus and Pr ocedurp 
I n  order t o  inves t iga te  t h e  current ivol tage 
c h a r a c t e r i s t i c s  of plaama contactors  the apparatus 
shown s c h m a t i c a l l y  i n  Fig. 1 has been cu t  up. The 
e s s e n t i a l  elements of the apparatus are the simula- 
tor umd t o  gemrate a d i l u t e ,  simulated space 
plasm8 and the plaama contact- to  be tested. 
two elements a r e  conta imd within a 1.2 m dlameter 
by 5.3 m long stainless steel vacum tank w i t h  the 
contactor located mar one end and the simulator 
located 2.7 m downstre- of i t  near the middle of 
the tank. Both the simulator and t h e  contactor are 
hollow cathode devices. Both are eqquipped w i t h  a 
hea te r  power supply used t o  faci l i ta te  s t a r t u p  and 
a n  anode parer supply required t o  s u s t a i n  a 
discharge and thereby produce the p l a a a  adjacent t o  
These 
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Fig. 3 Generalized hallow cathode contactor  
current/voltage c h a r a c t e r i s t i c  
wtdch is sham in generalized form i n  t h e  four th  
quadrant in Fig. 3. shows conalderably more struo- 
ture than the e lec t ron  emission port ion of the 
curve. A s  contactor potent ia l  is i n c r w a e d  from l o w  
p o s i t i v e  values t h e  e lec t ron  co l lec t ion  current  
begins t o  increase in both magnitude and absolute  
gradient  un t i l  -me l i m i t i n g  phenomenon begins t o  
a l o w  down the gradient  of e lec t ron  emission w i t h  
contactor potent ia l  and t h e  curve l e v e l s  out. The 
point  a t  w h i c h  the slope of the e lec t ron  co l lec t ion  
curve i n f l e c t s  and begins t o  l e v e l  out is  determimd 
by such fac tors  a s  the contactor anode current  and 
t h e  contactor f l o w  rate and i t  may be that the  COP 
t a c t o r  voltage a t  which it occurs is determined by 
the rate a t  w h l c h  i o n s  are being produced in t h e  
region of the contactor discharge. 
A t  contactor po ten t ia l s  of the order of 100 
v o l t s  the contactor haa been observed t o  undergo a 
t r a n s i t i o n  from what might be termed t h e  uaiget ted 
mode t o  the igni ted  mode of electron col lect ion.  
This t ransi t ion,  which is accompaniec by the a p p e a r  
ance of a viaible  plume w i W n  which 2xpellant exci- 
t a t i o n  and presumably ion iza t ion  a r e  occurring. is 
mat likely t o  occur in oontactors u t f i i z i n g  anodes 
having a large diameter. The v i s i b l e  plasma plume 
associated with ign i ted  mode operation usually 
extends downstream of this anode a few tens  of  CBP 
tlnmters. Again the point a t  which t r a n s i t i o n  t o  
i g n i t e d  electron co l lec t ion  ocours is dependant on 
hollow cathode operat ing conditions. For example 
this t rana i t ion  may occur before or after the  unig- 
nited electron co l lec t ion  curve begins t o  l e v e l  out. 
A typical e lec t ron  co l lec t ion  port ion of  a 
contactor characteristic curve i l l u s t r a t i n a  the con- 
mode is shown by the so l id  curve i n  Fig. 4. 
caw i t  is obwrved that contactor po ten t ia l  actu- 
a l l y  decreases markedly a s  the  e lec t ron  co l lec t ion  
cur ren t  increases  i n t o  t h e  few hundred milliamp 
range during t h e  t ransi t ion.  
useful because  i t  Il lustrates the perturbing e f f e c t  
of the vacuup tank wall which become increasingly 
important as contactor potent ia l  is increased. TNs 
is men by recognizing t h a t  the so l id  l i ne  in Fig. 4 
1s the measured e lec t ron  current ool lected by the 
contactor while the dot ted l i n e  is t h e  e lec t ron  
current  emi t t ed  from the simulator. 
not affect ing t h e  test these two cur ren ts  should 
agree, and a t  vol tages  below about 80 v o l t s  these 
two cur ren ts  are observed t o  be i n  r e l a t i v e l y  good 
agreement. However. above this voltage they begin 
t o  deport substant ia l ly .  The departure suggests 
that e lec t rons  are being received by the contactor 
from some source other  than t h e  simulator plasma 
presumably the tank wall. 
about 100 v o l t s  arcs can be seen jumping randomly 
over the tank sur face  near the contactor. These 
arm produoe wiw on the  instrumentation and i t  is 
suggested they also serve as a source of e lec t rons  
col lected a t  the contactor from other  than simulated 
plasma. 
measured oontactor emission current. The extent  of 
this error  is a funct ion of the par t iou lar  contactor 
being uwd; in the present c a w  i t  reaches a maximum 
of about 50 mA which i n  the igni ted  e lec t ron  collec- 
t i o n  mode implies an error of about 10%. 
data presented in this paper the contactor  vol tage 
was l imi ted  so t h i s  e r r o r  did not exceed lm. 
In t h i s  
This curve is a l s o  
If the tank i s  
In f a c t  a t  vol tages  above 
They therefore introduce a n  e r r o r  in the 
For the 
2 -  I?  TRANSITION TO IGNlTfD a /- 
--I 
. Y d  
Pig. 4 Typical current  balanoe ccaiparison 
When ths contactor  is operated in the e lec t ron  
co l lec t ion  mode the plaama poten t ia l  p r o f i l e  along 
the center l ine  jo in ing  the contactor and simulator 
haa the gemral shape shown i n  Fig. Sa. This figure 
shows that tho plasma poten t ia l  a t  the contactor  is 
mar contactor anode poten t ia l  and tha t  it remains 
a t  this potent ia l  a s  o m  moves downstream t o  the 
point  r Between the  points  ru and r d  the poten- 
t i a l  drljh by Vs because of the double sbeath that 
develops a t  the prevai l ing current  condition. 
MYOM the loca t ion  'd the 
alowly u n t i l  it drops rap& to  simulator anode 
poten t ia l  through a n  e lec t ron  ex t rac t ion l ion  collec- 
t i o n  sheath t h a t  develops adjacent t o  t h e  simulator. 
The region between the double sheath and the simula- 
tor i n  Fig. 5 shows a small poten t ia l  drop t h a t  
could develop becauw of ool l i s iona l  e f f e c t s  or mag- 
n e t i c a l l y  induced impedance but s l i g h t  po ten t ia l  
inCreaaeB and neRliEIble Dotential m a d i e n t s  have 
t e n t i u  changes very 
Fig. S thmrallzad p l a m a  poten t ia l  proruw 
the potent ia l  proflle sharn in Pig. S aannot k 
masurea cont,iiiu~ue@ wizig e o a i ? ~  mk 
booauae this p o k  can only bo aept f r a  the COP- 
tactor t o  a point om n t w  downstream of it. Its 
shape has k e n  constructed frco potent ia l  p rof i le  
data measured on a hollow Cathod. being o p e r a k d  in 
t h e  e lec t ron  emission and then the e lec t ron  colleo- 
t i o o  modes. Figure Sb shows the generalized poteo-  
tial profile far a contaator operatiog in the oleo- 
tron emission modo. In - c a m  the adja- 
cent t o  tho wontootor is o u r  .IIod. potontial and 
:!la potont ia l  oh.n(ps only ali*t*  with podtion 
u n t i l  the bulk of tho potential rim 00ours w tho 
sinula t or. 
-I0 t 
-IS 1 I 
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Potent ia l  ~0otou.r mapigni ted  e lec t ron  ool- 
l e o t i o n  m o d .  
When mveral potent ia l  proflle swoop8 are made 
a t  var ious  r a d i i  f r a  tha c e n t e r l i m  of tha contac- 
tor the potent ia l  contour map lib the o m  shown in 
pig. 6 c u i  bo constructed. The- data were o b t a i m d  
with the 12 om dia anode ooniiguration a t  a contao- 
tor amdo ourroot of 0.3 A a d  a 1.4 soom xolloo flou- 
rat. (A) t ha t  induced a bok pressure (Pt) of 2 ~ 1 0 ~  
Fig .  6 
Torr. I b e ~  operat ing condi t ions resulted in a COO- 
tactor anode voltage that was 23 v above the contao- 
tw cathode potent ia l  and an e l e c t r o n  co l lec t ion  
current  f r a  the contaotcr of 175 mA when the coo- 
t a c t a r  oathode was 133 v above the vacuum bok 
referenca potential. 
the potential is r e l a t i v e l y  u n i f a a  i n  the v i c i n i t y  
of the high densi ty  ploama asaoolated with the ooo- 
t ao tor  and that it drops r e l a t i v e l y  rapidly froln 
about 140 v down t o  SO v. A t  SO v there is a well 
located about 17 cm downstream of the contactor 
amde and then tho potent ia l  rims again and remans 
between 50 and 60 v u n t i l  the limit of prok e x t e e  
si008 is reaohed a t  the 1 m downstream looation. 
The fact  that the aontours t a b  on a spher ica l  or 
haspherical simp. suggests  that eleotrons are 
flaring m a r l y  r a d i a l l y  iprard and ions are flowing 
nearly r a d i a l l y  outward fia the hlgb donsity plaan 
witbin the 140 v contour. 
'1b0 vol tam/curreo t  c h a r a o t e r i s t i o  ourve tor 
tho contaotar of pig. 2 wi th  the 12 cm di. 8mde 
Oouplin( t o  tho  simulated p l a a a  8t the indicakd 
owrating condi t ions is sharn in pig. 7. 
taotor -do voltam var ied  as tho oleotroo emission 
current was varied but w a n  g e w a l l y  in tho raoge of 
10 to 1s '1. 
exhtblta high oleotron a iss ion curront  a t  a rela- 
-60 v. Biasing tho contaotor pos i t ive  about 80 v 
renulta in a modoat e leo t roo  co l leo t ion  current  of a 
few tea8 of milliamperes but beyond this the t ransi-  
tion t o  the ign i ted  node of e lec t ron  co l lec t ion  
O ~ Q U ~  and eleotron curren ts  of the a r d r  of a few 
hundred nillisllpa are collected. It should k noted 
that tbr oootaotar po tont ia l s  plot tod on the hor- 
Them contours suggest that  
Ths 0012- 
k 8ugg.stt.d 9rev iowly  this cootaotar 
UVaJ &&?It m @ t i V O  COOt80t.U' p O t O O t i a l  r o u n d  
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Fig. I Typical contaotor v o l t a g d c u r r e o t  charac- 
t e r i s t i o  
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i z o n t a l  a d s  of Fig. 1 do not correspond t o  the  
poten t ia l  diiferences M a t  would exist between the  
contactor anode and a space plasma. This is the caao 
kcauao tho contactor potent ia l  a s  defined in this 
figure involves coupling through both the contactor 
and the sinuhtor so i t  always involves coupling 
through two devices, o m  emitting e lea t rona  and o n  
oolleot ing them. 
A t  each of the so l id  data points  i d e n t i f i e d  & 
l e t te r  in Fig. 7 plasma potent ia l  p r o f i l e s  doww 
stream of t h e  contactor and on the  c e n t e r l l m  j o i p  
ing  the contactor and simulator were measured using 
the emissive prob. These profiles are i d e n t i f i e d  
in Fig. 8 by the samo letters. Undc  condl t ions of 
e lec t ron  eaisnion (curves D and E) t h o  poten t ia l  
profiles are ob8erved to be quite n a t  except 
M e d i a t e l y  adJacent t o  the contactor, 1.0.. within 
about 5 cn. where a v a l t a p  drop indiaative of a 
shoath is o b w n e d  to  exist. nLts n u t  k a double 
shuth w h i c h  develope am tb. contact- aits eleo- 
trona t o  and draws ions frol tho aimulakd p l a m .  
but tbo shnth is loaa ted  alo- t o  tho a o n t a c t a  snd 
its dotal led s t r u c t u r e  is not apparent. 
ditions of electron oollection (curves A* B and C) 
general them curves show a ragLon of r e l a t i v e 4  
conatant plrsllp potent ia l  adjacont t o  the contactor 
follcued by a region of steep potent ia l  variation 
and a flcal resion in w h i c h  the poten t ia l  is rala- 
t i v e l y  constant. The= curve8 are cons is ten t  w i t h  
the contour potent la1 map of Fig. 6 which was m e a a -  
ured under conc'itions of e lec t ron  col lect ion.  It is 
apparent fro0 ~xanining t he  curves of Fig. 8 that an 
Cmissive probe poaitiomd 1 m darnstream ot tho COP 
tactcr is downatreno of tho double shuth and ao o m  
can m u a u r a  tho p o k n t i a l  drop through the s h u t h  by 
reaauring the potan t ia l  &op k f w n n  the amdo and 
the d a a i v e  probe a t  thin loaation. yhon this is 
do- a vol ta lplcurrent  c h a r a c t e r i s t i o  mrve l iko the 
o m  shown in Fig. 9 is obtained. This curie shows 
the  acturl potent ia l  drop ktween t h e  contactor 
anode and the ambient p laar  and it shows that tho80 
actual potent ia l  drops across the double sheath are 
Uuior COP 
tho  profiles 81.8 cbaaned  t o  k Q u i t 0  d i f fe ren t .  In 
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Fig. 9 VQi0.l cont.ct- a n o d c t ~ a m b i e n t  PhaV 
potont ia l lcur ren t  c h a r a c t e r i s t i c  
oons ldaably  lema than tho contact- pohnt ir la  
plo t ted  on the horizontal uds of Ng. 7. COllFQri- 
mn of pi-. 9 and 7 shars that th. p o k n t i a l  drop 
amoss tho double sheath in the e lec t ron  c o l l e c t i o n  
m&on is a c t u a l l y  about o w t h i r d  of the contactor 
po ten t ia l  and the potential drop across  the double 
shuth in tho o lec t ron  co l lec t ion  r e e o n  is tww 
thlrda t o  o m h a l f  of tho contact- potent ia l .  
tho a b a i s a  data on Fig. 9 represent  the actual 
potential drop ktweon tho anode and the a c t u a l  
spa- plama m tho trw voltago differen- assooi- 
sion and e loe t ron  co l leo t ion  m o b &  A t  the lar 
parer, lorflcumk operat ing condition wbich has 
k.n w d  f a  the d8ta premnt8d bee. Pig. 9 indl- 
cator that this contact- can oQer8k 01- the range 
f r a  1 A oi electron omission t o  feu hundred ni l l i -  
i m p  of alootron col lao t ion  when tb. p o t e n t i a l  
difforenoo ktweon i t  and the amblent p l a a r .  variem 
through a rango less than 100 v. 
I 
mua 
ated with oontactar  operat ion in tho aloctron eale I 
on o f  rheon v i t h  mwi=t 
Sin- tho t y p i c a l  sheath contours of Fig. 6 
across th. ahuths could be measured uaing the &a- 
sive prob the experimentally measured da ta  could b 
c a p a r e d  to  tb. ~ d i o t i o a s  of th. Sbple. spher ica l  
oi tho nodel is i l l u s t r a t e d  in Ng. 10 w h i c h  shars 
an inner s p h e r i c a l  surfaae of -dim ri and poteP 
tid V 
ieinib s w p l y  oi zero veloc i ty  partiales of 
h h i n g  tho  0ppoait0 charm of thono c o m i n g  frcm the 
inn- sur face  are drawn fra an inf in i te  supplp of 
WWe 8 0 8 O U h . t  spherical and the p o t e n t i a  difftcen00 
double-shwth n&l deVal0p.d i n  Rd. 6. The bP8i.s I 
supplying a current  of p.rticles from an 
on the immr surface. A t  the same time particles 
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F i g .  io ineweGc& a~ ih l  miifip-abdc= 
zero  ve loc i ty  particles Of uta88 pLo on t h e  outer 
spherical  surface of radius  r a t  zero  potential. 
When equations descr ibing c o n h r v a t i o n  of emrgy and 
conservation of charge are u w d  in conjunction with 
Maxwell's formiilation of Gauss' Lau. equations 
descr ibing the marlnur flow of charged p a r t i c l e s  
fro0 +he i n n e r  sphere, J , and f r a  the outer  
sphere, J,, in terms of b e  appl ied poten t ia l  
b f f e r e n c e  and the radius rat io  of the two spheres 
can be obtaimd.  
which are achieved when t h e  poten t ia l  gradients  a t  
the edges of both spher ica l  surfaces are zero, a m  
These l i m l t i n g  maximum curren ts  
e v e n  b 
where a and j 
the  rad ius  r a e i o  r I r  . It is i n t e r e s t i n g  t o  note 
that the cur ren ts  )l&ing from the inner and outer  
spher ica l  sur faces  are dependent only on the radius  
r a t i o  and not on the absolute  magnitude of them 
radii. 
with radius r a t i o  have been determimd numericahy 
and them r e l a t i o n s h i p s  are sham in Figs. 11 and 12 
which have been reproduced from R e f .  6. 
model j u s t  out l ined descr ibes  t h e  physical behavior 
that occurs in the planma contacting proceess. a 
number of potent ia l  p r o f i l e s  l i k e  thorn shown in 
Fig. 8 for the e lec t ron  col lect ion/  ion erission 
mode of operat ion uere  analyzed. 
w h i c h  this analysis was car r ied  out can be u n d e r  
stood by reconsidering Fig. Sa. 
need to  be deterrmimd are the experinental ly  meam- 
ured v o l t a m  drop across the shnath which is desig- 
nated va in Fig. Sa, and the  experimentally d e t e r  
a r e  parameters that depend only on 
The v a r i a t i o n  of the  parameters i. and j 
In order t o  deterrmim the extent  t o  w h i c h  the 
The method by 
The q u a n t i t i e s  that 
Fig. 11 Effect of radius  r a t i o  on space-charge- 
l imi ted  current  f a c t o r  
0 0.2 0.4 0.6 0.8 1.0 
SPHERE RADIUS R A T I O  ( rl /re 
Fig. 12 Effect of radius r a t i o  on counterflowing 
cur ren t  ra t io  
mimd radii a s s o c i a k d  with the u p s t r e u  and down- 
st rean boundaries of the d o u b l b s h w t h  reaon ru and 
This was accomplished b defining t h e  upstream 2; downstream boundaries as t h e  points  of minimum 
and maximum second der ivat ive of the potent ia l  with 
respect t o  pos i t ion  respectively. 
tared potential v t o  ther w i t h  the measured 
electron emission c u r r l h t ,  7 
current from the outer  suriaS&'j could be computed 
Using t h e  meas- 
the m r d h e d  
by substituting vi Vs and Jo JCE i n t o  &. 1. 
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This Value Of Jo could then be used t o  e n t e r  EX 11 
and determine tne t h e a e t i c a l  sphere radius  ratf; 
redicted fce co l lec t ion  of the current  JCE a t  
Ti2eaL potential *oP V 
based radius r a t i o  wuld &en be compared t o  t ie  
measured radius r a t i o  r I r  A typ ica l  e m p l e  af a 
comparison of the  a c t u d  pdten t ia l  p r o f i l e s  measured 
and theo c a p u t a d  using equations from Ref. 6 is 
shown i n  Fig. 13. In  t h i s  c a w  the e lec t ron  current  
from the outer sphere. J = Jor was 250 mA, the 
poten t ia l  drop across  th6Edouble-sheath, V I vi, 
was 103-48 - 55 v and the normalized electgon 
current  from t h e  outer sphere j, was 8-96.  mom 
Fig .  11. this value of Jo corresponds t o  t h e a e t i -  
c a l l y  based radius  r a t i o  (ri/po) of 0.73 compared to  
the experimental Value r Ir  I 7.8112.8 = 0.61 
detarmimd using t h e  s o l i d  b r o k e  in Fig. 
 his themeticall 
13. 
'"r J a  -0.3 A % 47.4 V 
t o  cauae the theore t ica l  development t o  be i n  err- 
because both e lec t ron  emission from any point other  
than the outer  sphere and the  e f f e c t s  of c o l l i s i o n s  
have been neglected i n  t h e  theoretical model. 
ELECTRON COLLECTION Y a  
OlSCnARQE POWER -0 TO I7 W 
ANODE MA I m 12s- 
xEmN ROW RATE 1.2 m 6.8 iecm 
PERFECT FIT LINE 
0 0.25 0.50 0.75 I .00 
tnEownaL RAMUS RATIO [ r i  /re J 
Fig. 14 Radius r a t i o  wmparison for spherical 
model 
0 5 IO IS 20 25 
AXIAL POSITION ( e m )  
Fig. 13 Typical comparison of measured and 
predicted poten t ia l  p r o f i l e s  
Hence the theory predic t s  a p r o f i l e  that is steeper 
than t h e  experimentally measured o m  as the f i g u r e  
shars. 
A ccapariaon of experimental and theore t ioa l ly  
d r t e m l m d  radius  r a t i o s  o b t a i m d  in the  manner j u s t  
described over a wide range of operating conditions 
is premnted in F i g .  14. To obta in  theae data the 
anode dinmeter was allowed t o  vary f ram 1 t o  12 cm. 
the hollow cathode discharge power was varied from 0 
t o  17 watts, the xenon f lowrato was var ied  frcm 1.2 
t o  6.8 ~ C Q  and t h i s  also r e s u l t e d  in tank pressure 
v a r i a t i o M  from 2 t o  10 x 10-6 Torr. The extent  t o  
which the theoret ical  model describes the physical 
results is  ref loated in the proximity of the data 
points  to  the  s o l i d ,  perfect-fit l i m  i n  Fig. 14. 
E x m i n t i o n  of the data i n  this figure suggests  that 
the predicted radius r a t i o s  agree w i t h  the measured 
oms t o  within about 2 s  and that the predicted 
ratios are systematically greater than the measured 
oms. It is noted that the points  that f a l l  below 
t h e  -25% error boundary are oms t ha t  were obta imd 
e i ther  under conditions where s i g n i f i c a n t  e lec t ron  
current  was being drawn from the tank (401) o r  
where extra  expollant other  than that through the 
h o l l w  cathode w i f i o e  was being f e d  into tho vaauum 
chamber t o  incream the tank lack pressure. Opera- 
t i o n  of ei ther  of thew condLtions w u l d  be expected 
Rewnaideration of the poten t ia l  contour mop of 
Fig. 6 m a s t s  t h a t  it night be more appropriate  t o  
consider the current  flow procese t o  be occurr ing 
between h d s p h e r i c a l  rather than spher ica l  SUT 
faces. In order t o  inves t iga te  th is  the equations 
developed I n  R e f .  6 m e  redeveloped and t h e  current  
flaring frm the outer  sphere was d e t e m i m d  to  be 
given W 
(3) 
When th is  equation was appl ied t o  the saw data as 
t h a t  uaed t o  obta in  t h e  results of Ng. 14 results 
premnted in pig. IS were o b t d m d .  
data appear t o  be skewed f u r t h e r  from the perfect 
f i t  liar than rwults of pig. 14 i t  w a a  concluded 
that d i m g r e a e n t  between t h e  theory and experiment 
Since t h e m  
Fig .  15 Radius ra t io  oomparison for hmispher iaa l  
model 
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, 
ELECTRON 
EMISSUN CURRENT 
JCA 80.9 A 
VCA * 4  lU I4 V 
Ck -2.7 rem ( X d  
I2 em D U  ANODE 
P, * 3.5 x lo-. Ton 
b I  
ti- d e C t r O M .  Thin p l ' O b l a  could k 8llw18kd. 
horwer, by oonnectlng tha end of the tether t o  the 
8mde during period8 of high current  e l e c t r o n  col- 
l eo t ion  and svl tohing thin oonmotion t o  tha cathode 
during periods when t e t h u  oper8tion w a n  rwerrd 
and tbr o o n h o t o r  n n  a l t t l n g  electrons. Thus It 
..J b mcenmry to  prorid. 8 tether atltohing aam- 
b i u t y  t o  8ooorodate high ourrent  revernible tether 
oper8tlon. 
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space-ohlrge-limited double-sheath can be usad t o  
achieve reanomble OOrrelatiOM with the experlaow 
tal data. These results suggest that a s-oe- 
o h a r w l h i t e d  double sheath develops and limits t h e  
current  that oan flaw between a oontactor and a 
simulated rpaoo p l a a a  under the influsnoe of a 
given driving potent ia l  diiferenoe. 
Becaw electrons w h i c h  are the dominnt  charge 
oarriers are e d t t e d  fra a oontactor hollow cathode 
and oollected on its anode, it is ciasirable to  have 
a larp oontactcv anode. Suoh an anode facilitates 
e lec t ron  col lect ion i n  the i g n i t e d  B& where the 
level of current ool leot ion can be enhanoed over 
that obtained i n  t h e  uaignited mode. 
tor operating on the end of a high current  tether i t  
may be desirable  to  w i t o h  the tether c o n a c t i o n  
fra the contaotor anode t o  tho aontaotor hollow 
oathodr ii it beoons moesaary to  revera the 
direotlon of ourreat  flow in the tethw as the OOP 
tactor w i t o h e s  between the electron ool leo t ion  and 
eleotron a i s s i o n  modes of opcmtlon. 
For a oontao- 
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